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1 The structure of matter 


Atomic theory 


Chemistry is a study of the substances in the universe, to find out: 

a what they are made of; 

b how they combine with each other; 

c how they and their reactions are affected by physical influences. 
Philosophers of most of the ancient civilisations believed that matter 
was composed of fundamental particles, which we now call atoms, 
joined together in different ways. There have been many speculations 
through the centuries as to the nature of these particles, and there was 
one period (the Middle Ages) when the quest for riches became more 
important than the quest for truth; alchemists searched for a method of 
turning other metals into gold. This quest was not a total waste because 
it produced many of the familiar experimental techniques used today. 
However, it was not until shortly after 1800 that ideas about atomic 
structure were consolidated by an English chemist, John Dalton. 

The main points of Dalton’s Atomic Theory were: 

a Elements are composed of atoms; 

b atoms are very small and indivisible; 

c atoms of the same element are alike and atoms of different elements 
are not alike; 

d atoms can join together in small whole numbers to form compound 
atoms (now called molecules). 

Although Dalton’s ideas are to a large extent outmoded by modern 
theories, they still serve as an adequate explanation of some of the 
fundamental principles of chemistry. 


The chemical laws 
These laws give support to Dalton’s Atomic Theory. 


THE LAW OF CONSERVATION OF MASS 


Matter can be neither created nor destroyed. There are many reactions 
which can be used to prove this, e.g. the apparatus in fig. 1 contains 


Barium chloride 


solution Dilute sulphuric acid 


fig. 1 


dilute sulphuric acid and barium chloride solution. It is weighed. 
shaken to mix the reagents, which react to form a white precipitate, and" 
then weighed again. No change in weight occurs. A 
Note: Einstein showed that matter can be destroyed, but when this is 
done by a nuclear reaction the matter is transferred into energy. 


THE LAW OF CONSTANT COMPOSITION 

A chemical compound, no matter how formed, always contains the same 
elements in the same proportion by weight. The usual method of proving 
this is to make black copper oxide by three different methcds. 


heat 


a Copper (II) nitrate “> black copper (II) oxide. 
b Copper (II) carbonate “4 black copper (II) oxide. 


.. heat 4.4, 
< Copper (II) sulphate solution + sodium hydroxide solution —* black 
copper (II) oxide. 


The samples so formed are analysed by reduction (see p. 28) and it r 
found that within the limits ofexperimental error the ratio ofthe weights 
of copper and oxygen in each sample is the same. This is the ratio oft 
combining weights of copper and oxygen. 


Atoms, molecules, elements and compounds 


y aE 
An atom is the smallest part of an element that can take part in 
chemical reaction. 


‘ A z F ; m 
An element is a substance which cannot be obtained in a simpler for 
by chemical means. 


f i f k 
A molecule is the smallest part of any substance which can have 
separate existence. 


N A = 4, wo 
A compound is a substance formed by the chemical combination oft 
or more elements in a definite proportion by weight. 


Thus, matter as we meet it in the laboratory and in everyday life co 
of elements, compounds and mixtures of these. 

Elements consist of atoms which are all the same. 

Compounds consist of molecules which are all the same. 


atoms — molecules 


l / 


elements — compounds 


nsistS 


Types of reaction 
Combination Iron + sulphur = iron sulphide 


Decomposition Mercury (II) oxide = mercury + oxygenT 


Double decomposition 
Silver nitrate + sodium chloride = sodium nitrate + silver chloride] 


Oxidation Magnesium + oxygen = magnesium oxide 


Reduction Copper (II) oxide + hydrogen = copper 


Neutralisation x 
Sodium hydroxide + hydrochloric acid = odun chloride k “Water 


Symbols and formulae 


Every chemical reaction may be represented »by an equation either än 
words as above or by using symbols and formulae. The latter constitu a 
a form of chemical shorthand, each different element being. represented 

by its initial letter or the initial letter and a small letter e 
Calcium Ca 


In some cases the symbol is taken from the name of the substance in 
another language e.g. 
Sodium (Natrium) Na; Copper (Cuprum) C 


Each element has a valency which is its combining number and is 
represented by a small whole number. Some elements have more 
than one valency e.g. copper has valencies of 1 and 2. Compounds 
of copper were formerly written as cuprous oxide and cupric oxide. 
To-day these are simplified by writing copper I oxide and copper II 
oxide. The Roman numerals indicating the valency of the metal in 
the compound also applies to iron, mercury, lead and manganese. 

Formulae can be written using symbols and valencies, e.g. 

Sodium chloride 


Sodium Na valency 1 \ combine in equal numbers to give 
Chlorine cl valency 1 J the formula NaCl. 

Calcium chloride 

Calcium Ca valency 2) combine in the ratio 1:2 to give the 
Chlorine cl valency 1 J formula CaCl). 

Copper (II) oxide 

Copper Cu valency 2 | combine in equal numbers to give 
Oxygen (0) valency 2 J the formula CuO. 

Aluminium oxide 

Aluminium Al valency 3) combine in the ratio 2:3 to give the 
Oxygen 10) valency 2 J formula Al,O3. 


In addition to simple elements, compounds contain radicals or groups 
of atoms which cannot exist on their own, e.g. 

»per (II) sulphate 
Copper Cu valency 2) combine in equal numbers to give 
Sulphate —SO, valency 2 J the formula CuSO,. 


Calcium hydroxide J i 
Calcium Ca valençy 2) combine in the ratio 1:2 to give the 
Hydroxide —OH valency 1J formula Ca(OH),. 
Note: In the formula Ca(OH), a bracket surrounds the — OH radical 
and the figure 2 governs everything inside the bracket. 


Equations 


An equation has on the left hand side the reagents, and on the right 
hand side the products of the reaction. Thus it represents what takes 
place when chemical substances react. (It should be noted that a 
theoretical equation does not guarantee that such a reaction will take 
place in practice.) The names of the reactants and products should first 
be written down. The formula of each compound should then be 
worked out, put in the appropriate place and the equation balanced. 
To do this it may be treated ina similar fashion to an algebraic equation, 
there must be the same number of the same elements on each side, e.g- 


a In the reaction of calcium with oxygen, calcium oxide is formed. 


Calcium + oxygen = calcium oxide 
Car + 0, = CaO 
This, as it stands, is not balanced ; there are two oxygen atoms on the 
left and only one on the right. It can be balanced by doubling CaO, 
which then necessitates doubling Ca. This gives. 


2Ca + 0, = 2Ca0 


Note: It is not possible simply to double the O atom, giving CaO>, 
since this completely changes the composition of calcium oxide. 


b The reaction of ammonia with copper oxide produces copper, water 
and nitrogen. 


Words 


Copper II oxide + ammonia = copper + water + nitrogen 
Unbalanced 


CuO + NH; = Cu +H1,0 + Nf 
Balanced 


3CuO + 2NH; = 3Cu +3H,0+ N,îÎ 
The arrow pointing upwards indicates that nitrogen is a gas. 


c The reaction of sodium sulphate solution with lead (11) nitrate 
solution produces sodium nitrate and lead (II) sulphate. 


Words 


Sodium sulphate + lead (II) nitrate = sodium nitrate + lead (1) 
sulphate | 


Unbalanced 


Na,SO, + Pb(NO3), = NaNO, + PbSO,| 
Balanced 
Na SO, + Pb(NO, = 2NaNO; + PbSO,| 


The arrow pointing downwards shows that lead (II) sulphate is 
insoluble and is formed as a precipitate. 

The equations above show only the compounds involved in the reactions. 
The conditions for reaction, such as temperature, concentration or the 
necessity of using a catalyst, are often shown, e.g. 


a Zn+H,SO, = ZnS0,+H,f 
(dilute) 

b 2HgO "= 2Hg+O,T 

c 2KCIO; “2: 2KC1+3021 


Atomic structure and compound formation 


Dalton’s concept of the atom was completely accepted for a time but 
various investigations produced evidence that atoms did in fact contain 
smaller particles. These are the electron, the proton and the neutron. 


Particle Relative mass Electrical charge 


Electron 0 = 
Proton 1 +1 
Neutron 1 0 


Note: 

a The electron actually has a mass about raso of that of a proton. 
b These masses were based on the scale on which the oxygen atom 
weighs 16 units, and are now based on a scale on which '*C = 12 
(see p. 56). 


Atomic structure 


The atom is composed of a positive nucleus, containing protons and | 
neutrons, with negative electrons spinning in orbits or shells around it. 


Electrons 
Nucleus 
(protons 
and 
neutrons) 
fig. 2 The magnesium atom 
5 


(The modern view is that there is simply an electron cloud surrounding 
the nucleus.) A 
Since electrons contribute very little weight, the mass of the atom is 
concentrated in the nucleus. 

To maintain the electrical neutrality of the atom, 


number of electrons = number of protons 


This is called the atomic number of the atom. $ 
Several attempts were made to classify the elements, and it was 
eventually found that the simplest classification was by atomic number. 
giving rise to what is known as the Periodic Classification of the Elements. 
The table below indicates how the electrons are distributed in shells 
around the nucleus, the innermost being called the K shell, the next the 
L shell, etc. There is a maximum number of electrons that can be 
contained in each shell. This is 2 for the K shell and 8 each for the L 
and M shells. A 
The total number of protons and neutrons in each atom is effectively 
the weight of the atom, and is known as the mass number (see page 56). 


TABLE SHOWING STRUCTURES OF THE FIRST 20 ELEMENTS 


Electrons in shells | Protons | Neutrons | Mass number 
Element | Symbol | K | L | M| N p n ptn 
Hydrogen H 1 1 0 1 
Helium He | 2 2 2 LASE 
Lithium Li 2 i 3 4 7 
Beryllium Be |. 2 4 5 9 
Boron B 2413: 5 6 11 
Carbon C 214 6 6 12 
Nitrogen N 2 | 5 7 7 14 
Oxygen (0) 2 6 8 8 16 
Fluorine F 2 || 9 9 10 19 
Neon Ne 2.18 10 10 20 
Sodium Na |2[8[1 i 12 | 2 
Magnesium Mg 2181 2 12 12 24 
Aluminium | Al AAE 13 14 27 
Silicon Si 2 112 14 14 28 
Phosphorus| P 2 Ss 15 16 31 
Sulphur S 2181E 16 16 32 
Chlorine ca 2| 8.17 17 18 35 
Argon Ar DELE. 18 22 40 
a; 
Potassium K 7:20) ME: [7 1 19 20 39 
Calcium Ca 21:81 11: 20 20 Gn N] 
Note: 


a In each case the sum of the electrons = the number of protons. 

b The number of neutrons is not predictable and need not be memorised- 
In the Periodic Table the rows are known as periods and the coiumns 
as groups. 


The first 20 elements are arranged thus: 


If you memorise this arrangement you will be able to recall the elec- 
tronic structures of specific elements quickly. 


a The electronic structure of oxygen. Oxygen is in the 2nd period, 
*. the K shell is full with 2 electrons. Oxygen is in the 6th group, 
., there are 6 electrons in the L shell. Thus the structure of the oxygen 
atom is 


or 2.6 


b The electronic structure of aluminum. Aluminium is in the 3rd period, 
, K and L shells are full, with 2 and 8 electrons respectively. Aluminium 
is in the 3rd group, .”. there are 3 electrons in the M shell. Thus the 
structure of the aluminium atom is 


or 2.8.3 


The inert gases and compound formation 


The elements at the extreme right of each period are known as the 
inert gases and have unique properties. They are: 
helium 2; neon 2.8; argon 2.8.8. 

1 The inert gases do not react to any appreciable extent. They are very 
stable. 

2 The inert gases have complete outer shells of electrons. 

3 Elements in general achieve stability by reaction with other elements, 
e.g. 

Sodium (reactive metal) 


Chlorine (reactive gas) i 
4 Itis therefore assumed that this stability is achieved by the atom 


acguiring an inert gas structure. 


sodium chloride (stable compound) 


RULE FOR COMPOUND FORMATION 

When compounds are formed, the atoms concerned lose or gain electrons 
so that their outer shell has the same structure as that of the nearest 
inert gas. This can be done in two ways, either by sharing electrons or 
by transferring them completely from one atom to another. 


Note: Only the outer electrons are involved in compound formation. 


ELECTRON SHARING : COVALENCY 
a Chlorine gas, C1,, consists of diatomic molecules. 


xx ee 
Outer electrons %c1, + cl? > (eel) 
xx ee 


Each chlorine atom has seven electrons on its outer shell. The nearest 
inert gas is argon, with eight on its outer shell, so according to the rule 
of compound formation each chlorine atom must gain one electron. 
This can be done only by sharing, and the pair of mutually shared 
electrons constitutes a covalent bond which is represented by a stroke 
thus: CI- CI. 


b Water, H,O, consists of two atoms of hydrogen and one atom of 
oxygen per molecule. 


"e mie ee 
Outer electrons HX + eoe +, H > CHD poer 


Each hydrogen atom has one electron on its outer shell and must 
therefore gain one more electron to attain the outer structure of helium 
(the nearest inert gas). The oxygen atom has six electrons on its outer 
shell and must gain two electrons to attain the outer structure of neon. 


c Carbon tetrachloride, CC1,, consists of one atom of carbon and four 
atoms of chlorine per molecule. 


ee ja 1 
Outer NR leke) on ay Gide Gers) ; act 
electrons "e <> di 
must gain must each gi 
4 electrons gain 1 electron each 


d Carbon dioxide, CO,, consists of one atom of carbon and two atoms 
of oxygen per molecule. 


Outer .. x e. DE =c=0 
: fs: g :o=c 
electrons "8° xc% 2 E 


must gain must gain must gain 
2 electrons 4 electrons 2 electrons 


In this case two pairs of shared electrons constitute the bond on each 
side of the carbon atom. Each of these is a double covalent bond. 


e Hydrogen cyanide, HCN, consists of one atom of hydrogen, one of 
carbon and one of nitrogen. 


Outer electrons OH” + «ce + $ > @& Ge): H= CEN 


This shows the existence and formation ofa triple covalent bond. 


Properties of covalent compounds 

1 They are low melting solids, volatile liguids or gases. 

2 They do not conduct electricity. KD 

3 They are composed mainly of non-metallic elements joined together. 

4 Their crystals, when they are in the solid state, are composed of 
individual molecules joined loosely together. 

5 Their reactions are usually slow. 


ELECTRON TRANSFER : ELECTROVALENCY 
a Sodium chloride, NaCl 


: + 
Outer electrons Na” rh scls + Ns 
Total numbers of 11 protons 17 protons 11 protons 17 protons 
charged particles 11 electrons 17 electrons 10 electrons 18 electrons 
Net charge 0 0 +1 -1 


The sodium atom loses its one outer electron to attain the same outer 
structure as neon. The chlorine atom gains one electron to attain the 
same outer structure as argon. A 

The electron referred to is simply transferred from the sodium atom to 
the chlorine atom and since the number of positive protons in the 
nucleus is unchanged in each case, each atom acquires a charge and 
becomes known as an ion. 


b Calcium chloride, CaCl, 


Outer electrons ca = + ep ct + 8 


Total numbers of 20 protons 17 protons each 20 protons 17 protons each 
charged particles 20 electrons 17 electrons each 18 electrons 18 electrons each 
Net charge 0 0 +2 — l each 


This is a similar situation, except that the calcium atom has two 
electrons to lose and each chlorine atom gains one of them. 


Note: Positive ions are called cations and negative ions are called 
anions. 


Properties of electrovalent (ionic) compounds : 

1 They are usually solids with a high melting point. 

2 They conduct electricity when in solution or in the fused (molten) 
state, due to the ions, which are set free under these conditions. 

3 Theelements present in simpler electrovalent compounds are usually 


very electropositive metals and very electronegative non-metals, 
e.g. NaCl. 


Sodium ion (Na+) @ 
Chloride ion (CI-) (0) 


hat the ions may take 
they must be fr 


F ri { eed, and this is done 
3 by dissolving the substance in water or by melting it. 


hey are caused by the attraction 
mpound and anions from another 
compound. 


lonic reactions and ionic equations 
When ionic com 
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PRECIPITATION REACTIONS 
a Silver nitrate + sodium chloride = sodium nitrate + silver chloride 
AgNO; + NaCl NaNO; + AgCl] 
Agt+NO3;-+ Na*+Cl> = Na*+NO3° + AgCl] 
(insoluble, .”. 
no free ions) 
Nitrate (NO3~)and sodium (Na*) ions are unchanged. The net change 
is Ag*+Cl~ = AgCl}. This is useful since :— 
i it-gives a concise statement of what actually happens; 
ii it is general and covers every case where Ag* and CI” meet. 


b Barium sulphuric _ hydrochloric , barium 
chloride acid E acid sulphate 
BaCl, + H,SO, = 2HC1 + BaSO,| 
Ba?* +2C1” +2H* +SO,?> = 2H*+2C1” + BaSOs| 


The net change is Ba2*+SO72~ = BaSO4) 


NEUTRALISATIONS 
a Hydrochloric acid + sodium hydroxide = sodium chloride + water 


HCI + NaOH = NaCl + H,O 
H*+Cl- + Na*+OH7 = Na*+Cl + H,O 
The net change is H* ++OH™ = H,O 
b Sulphuricacid+potassium hydroxide = ‘sulphate potassium + water 
H,SO, + 2KOH = K,SO, + 2H,0 
2H* +502 +2K* +20H™ = 2K* +SO2?~+2H20 
The net change is 2H* +20H7 = 2H,0 
or H*+OH  =H,0 


Thus this ionic equation represents the reaction that takes place when 
any acid and any alkali react. 


Note: Although pure water is a covalent substance it ionises when 
impure. 


REACTION BETWEEN ACIDS AND CARBONATES 


Sodium hydrochloric _ sodium carbon 
carbonate acid ~ chloride + water + dioxide 
NaCO, + 2HCl = 2NaCl +H,0 + COnt 


2Na* +CO,2-+ 2H*+2C1” = 2Na*+2Cl” + H,O + CO, 
(both covalent) 


2H* +CO,2~= H,0+COzt 
(H2CO3) 


The electrochemical series (activity series) 


If a metal A can displace metal B from a solution of one of its salts 
then A is said to be more electropositive than B, e.g. 


Fe+CuSO, = FeSO,+Cu 


Iron is more electropositive than copper. This can be extended to other 
atoms and ions, e.g. 


Zn+ HS0, = ZnSO,+H,f 
Zinc is more electropositive than hydrogen. 
In each of these reactions the more electropositive element has been 
ionised and has therefore lost elettrons, thus: 
Fe — Fe?* Zn > Zn?* 


Electropositivity is thus the ability of an atom to lose electrons, and the 
opposite of this is electronegativity — the ability to gain electrons, The 
electrochemical series is a series of elements or ions arranged with the 


most electropositive at the top and the least electropositive (or the most 
electronegative) at the bottom. 


THE ELECTROCHEMICAL SERIES (E.C.S.) (ACTIVITY SERIES) 


Potassium K > K* most electropositive 


Sodium Na > Nat 
Calcium Ca > Ca2+ 
Magnesium Mg > Mg?* Note: Th i 
Alamin A ote: These are also in decreasing 
Zi um Al > Al A order of electrode potential, or more 
Inc Zn > Zn? simply the amount of electrical ener- 
Iron Fe > Fe?+ gy required to effect the conversion 
Lead Pb > Pb2+ of ion to atom e.g. Cu+2 — Cu. The 
Hydrogen Ho H+ series is thus of use in explaining 
ee CG EA the mechanism of electrolysis of 
PP A u— Cu agueous solutions and in predicting 
Hydroxide OH- + [OH] the products of such electrolyses. 
Silver Ag > Agt (See the following pages) 
Bromide Br” > Br 
Chloride CI” — Cl 


Sulphate = S0,?- > [SO,] least electropositive 


quired to convert K > K+ 
Ag a Ag*, the E.C.S. gives us 


e top are in general 
f elements at the bottom. 
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Electrolysis 

Definition Electrolysis is the decomposition of an electrolyte (in the 
fused state or in solution) by the passage of an electric current. 
Since an electric current can be regarded as a stream of electrons 
moving in a conductor in a direction opposite to that of the conven- 
tional current, an electrolyte must be capable of conducting electricity, 
ie. of transferring the electrons from cathode to anode to complete 
the circuit (fig. 4). Thus it must contain free ions and must therefore be 
an electrovalent substance in solution or in the molten (fused) state. 


Q| JO 
Electrons 


Anode @ © Cathode 


Molten sodium chloride 
fig. 4 
Purely covalent compounds such as sugar (C,2H22011) oF alcohol 
(C,HsOH) are not electrolytes as they do not conduct electricity at all. 
However there are some covalent compounds which become ionic, due 
to proton shifts, when dissolved in water, e.g. 


Weak electrolytes 


Ammonia gas NH,+H,0 = NH,* +OH™ 

Acetic acid CH,COOH + H,0 = H;0* +CH;COO™ 
Strong electrolytes 

Hydrogen chloride HCI+H,O = H,;0*+Cl™ 

Nitric acid HNO;+H,0 = H,0*+NO3~ 

Sulphuric acid H,SO,+2H,0 = 2H;0* +804? 


[H,0* the hydroxonium ion, is simply a hydrated H* ion (H20+H 3 )] 
Some of these solutions are weak electrolytes as they do not ionise 
completely, and others which do ionise completely are called strong 
electrolytes (see page 22). The conductance of a strong electrolyte is 
greater than that ofa weak electrolyte. 

In a covalent solvent, such as toluene, this shift does not take place and 
the compound does not ionise (see hydrogen chloride, page 82). 


CONDITIONS DETERMINING THE PRODUCTS OF ELECTROLYSIS 
If the electrolyte is a fused salt, e.g. molten sodium chloride (fig. 4), then 
the process is simple. 


NaCl = Nat +CI” 
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The current (stream of electrons) creates a negative polarity in kaj 4 
the electrodes (the cathode), and a positive polarity in the other ( 


anode). Positive ions are attracted to the cathode and negative ions to 
the anode. 


At anode ® At cathode © e n 
Chloride ions are discharged, Sodium ions are discharged, i.e. 
i.e. they lose electrons. they gain electrons. 
CI” > Cl+e” Nat +e” + Na 
2C1 > Cl, : 

x i fi d. 
The atoms so formed pair to- Sodium metal is forme: 


gether forming chlorine gas. 


Net result 

2NaCl — 2Na + Cl, 
If, however, the electrolyte is in aqueous solution, ions from the water 
complicate the situation. Consider the substance XY dissolved in water. 

XY > X*4Y- 

H,0=H*+OH- 
In general, if X* is higher than H* on the E.C.S. (shown on page 12), 
H* discharges preferentially, since less energy is required for H* > H 
than for X* + X. For similar reasons, if X* is lower than H*, X 
discharges. 


If Y- is higher than OH“, Y- would discharge in preference, if lower, 
then OH“ would discharge. Factors affecting these discharges are: 
a the concentration of the electrolyte; 


b the nature of the electrodes, 


ELECTROLYSIS OF VARIOUS SYSTEMS 
a Dilute sulphuric acid (acidified water) using platinum electrodes. 
H,SO, = 2H+ +S0,?- 
H0 = H* +0H- 


At anode ® At cathode © 

OH A } both present The only positive ion 
SO, ‘ present is H* 

OH” higher than SO,?- 

on E.C.S. 


<. OH” is discharged. 
40H” = 40H + 4e- 


4H* +4e- > 4H 
40H > 2H,0+0,t 


4H > 2H,t 


Oxygen 


1 volume Hydrogen 


2 volumes 


Dilute 
sulphuric 
acid 


fig. 5 Hoffmann voltameter 


Net result 


1 volume of oxygen is formed at the anode. 

2 volumes of hydrogen are formed at the cathode. . 

The sulphuric acid is unchanged since only H* and OH” ions are 
removed from the system. 


b Sodium chloride solution (brine) using carbon electrodes. 
NaCl > Na* +Cl~ 


H,0 = H*+OH™ 
a Electrons 
Anode © © Cathode 
fig. 6 
At anode ® At cathode © 
OH“ Na+ 
Cl” \ both present el \ both poas 
OH” is higher than CI” on Na* is higher than H 
E.C.S. but the concentration of so H* discharges. 
Cl” is greater than that of OH“ Ht+e > H 
<. CI” discharges. 2H > Hof 
Cl > Cl+e” 

2Cl > Cit 
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Net result 

1 volume of chlorine is formed at the anode. 

1 volume of hydrogen is formed at the cathode. aa 
Since H and Cl ions are used up, the solution is slowly converted to 
sodium hydroxide (Na* and OH” left). 

c Copper (II) sulphate solution using platinum electrodes. 


CuSO, = Cu?* +S0,?- 
H,O = H* +OH™ 


Electrons 


Anode © © Cathode 


fig. 7 
At anode ® At cathode © 
- 2+ 
oa } both present a } both present 
SO,?~ is very stable, H* is above Cu?* 
so OH” is discharged. on E.CS. <. Cu?* is preferen- 
40H- > 4(OH)+ 4e- tially discharged. 
40H — 2H,0+0,t Cu?* +2e7 + Cu 
Net result 


Oxygen is evolved at the anode. 

Copper is deposited on the cathode. 
The copper (II) sulphate solution is 
the Cu** and OH” ions are used up 


d Copper (11) sulph 


converted to sulphuric acid since 
ate solution using copper electrodes, 
CuSO, = Cu?* +50,- 
H20 =H*+OH- 


Electrons 


Anode © © Cathode 


fig. 8 


At anode ® At cathode © 


The conditions are the same as As on page 16. 
in (c), but this time copper atoms S R 
from the anode lose electrons Cu?2* +2e7 — Cu 


and become ions. 

Cu — Cu?* +2e7 

Net result 

The anode becomes smaller. 


The cathode becomes larger. A 
The copper (II) sulphate solution remains unchanged. 


e Fused lead bromide. 


Anode 9 


fig. 9 
At anode ® At cathode © 
2Br” — 2Br+2e7 Pb?*-+2e” — Pb 
2Br — Br, 
Net result 


Lead is formed on the cathode. 
Brown fumes of bromine are evolved at the anode. 


APPLICATIONS OF ELECTROLYSIS 

Electroplatin; ! 
Chromium, = 29 and gold plating are common processes. eo metal 
object to be plated is made the cathode in a suitable es yte or 
taining positive ions of the plating material. Important factors x = 
influence the quality of the plating are: the temperature, the current, : 
concentration of the electrolyte and the cleanliness of the surface to be 
plated. 


Extraction and purification of metals (see p- 94). 


Manufacture of various gases by electrolytic processes, €-8. chlorine 
from the electrolysis of brine. (See p- 77) 
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2 Oxygen and oxides 


The composition of the air 


Oxygen 20 % 
Nitrogen 78% A 
Carbon dioxide 0:03 A 

Inert gases (argon, neon and helium) 14 ; 
Water vapour variable, depending 


on the humidity 


The effect of heating elements in air 
—— 


— 


Product 
Element Noticeable effect description __| Formula | 
Carbon red/orange flame | carbon colourless gas co, 
dioxide 
Sulphur blue flame sulphur colourless gas so, 


dioxide 
Phosphorus white flame i d white smoky gas | P,O, 
pentoxide 
sodium white solid Na,0, 
peroxide 
magnesium | white solid MgO 
oxide 
zinc white solid ZnO 
oxide 
copper (II) | black solid CuO 
oxide 


iron (III) blue grey solid Fe,04 
oxide 


Sodium yellow flame 


Magnesium white glow 


Zine white glow 


Copper red glow 


Iron ted glow 


Lead melts 


lead yellow solid PbO 
3 monoxide 
Tin melts tin (ID) white solid SnO, 
oxide 


An element gains weight when it is burnt in air, i.e. some of the air com- 
bines with the element. 


Crucible containing t Cruci A 
cible i 
magnesium Heat strongly containing magnesium oxide 


Gain in weight 
fig. 10 


The portion of the air used in burnin 


g is approximately one fifth (by 
volume) as proved by the following experiment. i 
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The water levels inside and out- 
side the tube are equalised and 
the apparatus is left for a few 
days. It is then found that the 
water has risen up the tube to a 
distance of one fifth of the total 
length. Since the tube is uniform 
this means that the percentage 
of oxygen in the air is approxi- 
mately 20%. 


phosphorus 


< Wire 


Water 
fig. 11 


The laboratory preparation of oxygen 
Hydrogen peroxide is decomposed rapidly at room temperature In the 
presence of manganese (IV) oxide to produce oxygen. 


MnO; 


2H,0,——> 2H,0+027 
The manganese (IV) oxide acts as a catalyst in this section. A catalyst 
is a substance which alters the rate of a chemical reaction without 
itself undergoing any chemical change. 


Oxygen 


Hydrogen peroxide 
and 
manganese (IV) oxide 


fig. 12 The preparation of oxygen 


Oxygen may be produced in smaller quantities in the laboratory by 
heating the following solids : 


Red mercury (11) oxide 240 = 2Hg+021 


Lead (IV) oxide 2PbO, = 2PbO + O2T 
Red lead oxide 2Pb,04 = 6PbO +021 
Potassium nitrate 2KNO, = 2KNO,+021 


Potassium chlorate 2KC103 = 2KC1+30.1 


Such solids are oxidising agents and are dangerous if mixed with easily 
oxidised materials, e.g. sulphur, carbon, or organic compounds. 
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The commercial preparation of oxygen 


i i bon 
t obvious and the cheapest source of oxygen is the air. Car 
eee water are removed from air, which is then gaia e 
allowed to expand suddenly. This produces a cooling a turmi ae a 
gas into a liquid. The liquid air, which is a mixture of mainly AE 
nitrogen and oxygen, is fractionally distilled, yielding first nitroge: 


then oxygen. The oxygen is stored and conveyed under high pressure 
in steel cylinders. 


The uses of oxygen 


Cutting and welding .Oxy-hydrogen blowpipe, 2000°C; oxy-acetylene 
(see p. 37) blowpipe, 3000°C. 


An aid to breathing. Oxygen at a Pressure greater than normal is 
used in oxygen tents and cylinders in hospitals, high altitude flying or 
climbing, submarines and mine rescue work. 


Steel production. Compressed oxygen blasts are used to reduce the 


carbon content and to remove various other elements present in the 
crude iron. 


The reaction of metals and non-metals with oxygen 


Action of | Acidic or 

Metals Equation Action of water on oxide | litmus basic 
Calcium 2Ca +0, = 2CaO CaO+H,0 = Ca(OH), | blue basic 
Magnesium 2Mg+0, = 2MgO MgO+H,0 = Mg(OH), | blue basic 
Iron 3Fe+20, = Fe30, | insoluble = = 
Non-metals 

Carbon C+0, = CO, CO,+H,0 = HCO, | red acidic 
Sulphur S+0, = SO, S0,+H,0 = HSO; | red acidic 
Phosphorus | 4P+ 50, = 2P,0, 2P,0,+2H,0 = 4HPO; | red acidic 


The conclusion from les etals form basic oxides, 
and non-metals form acidic oxides, 


The classification of oxides 
a Acidic oxides 

Oxides which normally react with water to 

Sulphur dioxide + water 

SO, + H,O 


give acid solutions, e.g. 
= sulphurous acid 
H,S0, 


ll 
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b Basic oxides 
Oxides which react with acids to give a salt and water only, e.g. 
Codper (II) oxide + sulphuric acid = copper (II) sulphate + water 
CuO + H,SO, = CuSO, + H,O 
Note: Some basic oxides are soluble, giving rise to alkaline solutions, 
e.g. 
Sodium oxide + water = sodium hydroxide 
Na,0 + H,O = 2NaOH 
(Sodium hydroxide is an alkali.) 
c Amphoteric oxides 
Oxides which react with both acids and bases to form salts and water, 
e.g. 
Zinc oxide + hydrochloric acid = zinc chloride + water 


ZnO + 2HC1 = ZnCl, + H,0 
Zinc oxide + sodium hydroxide = sodium zincate + water 
ZnO + 2NaOH = Na,ZnO, + H:0 


Another example is aluminium oxide which forms aluminium chloride 
and sodium aluminate under similar conditions. 
d Higher oxides i 
Oxides which contain more oxygen than is necessary to satisfy the 
valency of the other element, e.g. manganese (IV) oxide, MnO3. 
Manganese (valency 2) gives manganese (II) oxide, MnO. | 
The extra oxygen shows up in the oxidising action of the oxide, for 
instance in its oxidisation of hydrogen chloride. 
MnO+2HCI = MnCl,+H20 
[O]-+2HCI = H20-+Chf 
Add MnO,+4HCI = MnCl, +2H,0+Clot 
Note: Some higher oxides are known as peroxides. A peroxide is a 
substance which gives hydrogen peroxide when treated with an acid, 
e.g. barium peroxide (barium (IV) oxide). 
BaO,+H,SO, = BaSO,| +H202 
e Compound oxides . , 
Oxides which react as if they are made up of other simpler oxides 
loosely joined together, e.g. 
Red lead Pb3;O, equals 2PbO. PbO; 


f Neutral oxides 
Oxides which have neither acidic nor basic nor any other 
character which would place them in a special oxide class, e. 
monoxide (CO); nitrogen monoxide (NO); water (H,0). 


See a 
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Hydrochloric acid is a strong aci 


3 Acids, bases and salts 


Acids 


i i ins 
An acid is a substance which turns blue litmus red and which contai 
hydrogen replaceable by a metal. i M , 
Amos modern definition is that an acid is a substance which, when in 
solution, produces H* ions, e.g. 


HCl > H*+Cl- 
H,SO, > 2H* +SO,?~ 
Acids may be classified under two major headings. 


a Mineral acids, derived from substances found in the earth. 


Acid Formula Source 


Hydrochloric HCl common salt 


Formula 


Sulphuric sulphur S 
Nitric Chilean saltpetre NaNO, 
Carbonic 


limestone 


Sulphurous sulphur 


Those mineral acids made from oxides are called oxy acids, e.g. 
SO, + H,O = H,SO, 
Sulphur Sulphuric 
trioxide acid 


b Organic acids, 


derived from plant and animal sources. 


Acetic CH,;COOH 


vinegar 


Citric C3H;0(COOH), lemon juice 
Tartaric C,H,0 (COOH), cream of tartar 


Acids may be Strong or weak de 


pendi 
completely in agueous solution, 


ng on whether or not they ionise 
e.g. 


d as it ionises completely. 
A HCI = H*+Cj- 
Acetic acid is a weak acid as it only ionises partially, 
CH;COOH = H+ +CH3COO- 
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Bases 
A base is a substance which reacts with an acid to give a salt and water 
only, e.g. copper (II) oxide. 

CuO+H,S0, = CuS0,+H,0 
In addition to basic oxides, other examples of bases are metal 
hydroxides, e.g. lead (II) hydroxide Pb(OH), and zinc hydroxide 
Zn(OH),. Some bases form alkaline solutions with water. 


ALKALIS 
An alkali is a soluble hydroxide which turns red litmus blue and produces 
OH” ions in solution, e.g. sodium hydroxide 
NaOH > Na*+OH™ 
Alkalis fall into several different categories. 


a Caustic as opposed to mild 


Caustic : sodium hydroxide—caustic soda NaOH 
potassium hydroxide—caustic potash KOH 


Mild: calcium hydroxide—slaked lime Ca(OH)2 
magnesium hydroxide—milk of magnesia Mg(OH)2 


b Strong and weak — as with acids 


Strong : sodium hydroxide ionises completely 
NaOH > Na*+OH™ 

Weak: ammonium hydroxide ionises only partially 
NH,OH = NH,” +OH™ 


Salts 


A salt is a substance formed when the replaceable hydrogen of an acid 
is wholly or partially replaced by a metal or other positive radical. 

The salt gets part of its name from the acid and part from the metal, e.g. 
Salts of sulphuric acid are sulphates. 

Salts of hydrochloric acid are chlorides. 

Salts of nitric acid are nitrates. 

Salts of acetic acid are acetates. A aap i 

Thus the salt formed from magnesium and sulphuric acid is called 


magnesium sulphate, MgSO4. 


PREPARATION OF SALTS 


1 Metal + acid = salt + hydrogen ZW T, 
Mg + HSO, = MgSO, + Hat ag bee 
-ghnica y 


This applies mainly to metals above hydrogen in the electro 
series and to dilute.aci 
QAO. WB. kaka 


Kk maa coo amo am 3 
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2 Basic oxide + acid = salt + water 


CuO + 2HCI = CuCl, + H,0 
3 Insoluble hydroxide + acid = salt + water 
Zn(OH), + H,SO, = ZnSO, + 2H,0 
4 Carbonate + acid = salt + water + carbon dioxide 


CaCO, +2HNO; = Ca(NO3), + HO + CO,îÎ 


Experimental procedure for making salts by methods 1, 2,3 and 4 

a Pour 30 ml of the dilute acid into a beaker. ? x 
b Add the solid (metal, oxide, hydroxide or carbonate) in small quanti- 
ties,heating and stirring until no more dissolves. 

c Filter into an evaporating basin. 

d Concentrate the filtrate by evaporation until a drop, when suspended 
on the end of a glass rod, shows the formation of crystals, and allow to 
cool. i 

e Carefully evaporate the resulting solution to dryness, if the solution 
is normally anhydrous, or concentrate it and allow it to crystallise if it 
contains water of crystallisation. 


Note: Insoluble salts such as lead II sulphate (PbSO4) cannot be made 
by this method. 


5 Alkali + acid = salt + water 
NaOH + HCI = NaCl + H,0 
Experimental procedure for method 5 

a Pipette 25 ml of alkaline solution into a conical flask. 


b Add 10 drops of litmus which turns the solution blue. 
c Add the acid from a burette until the colour changes to red and note 
the volume added. 


d Repeat (a), (b) and (c) omitting the litmus. 
e Carefully evaporate the resulting solution to dryness or concentrate 
it and allow it to crystallise. 


6 Double decomposition 


(precipitation) This is the recognised method 
for making insoluble 


salts, e.g. lead (II) sulphate 
Pb(NO3),-+ Na,S0, = 2NaNO, + PbSO,| 


7 Direct combination For various Teasons the methods using acids are 


not suitable for the Preparation of some salts, which must therefore 
be prepared from their elements, e.g. 


Aluminium chloride: 2A1+3C1, = 2AIC13 
Iron (III) chloride: 2Fe+3Cl, = 2FeCl, 
(See page 79 for the action of chlorine on metals.) 
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4 Hydrogen and water 


Hydrogen 

Hydrogen is a colourless, odourless gas which is very much lighter 
than air and almost insoluble in water. It does not occur freely to any 
marked degree but occurs in the combined state in a very large variety 
of compounds e.g. water H20; hydrocarbons such as methane CH4; 
carbohydrates such as sugar C,2H22011. 


PREPARATION OF HYDROGEN 


1 Metals and water A i ; 
The first few metals in the electrochemical series react with decreasing 
reactivity with water to produce hydrogen (see page 25). 


a Sodium and potassium These metals react very vigorously with cold 
water. They float, melt to form a round ball, and dart at random aa 
the surface of the water, being propelled by the hydrogen given oll. in 


— Layerof — : 
Molten molten sodium hydroxide 
Hydrogen sodium Hydrogen 


fig. 13 
the case of potassium, the hydrogen burns with a lilac flame. Note that 
the reaction can be dangerous. 

2Na+2H,0 = 2NaOH+Hat 


b Calcium Calcium sinks in cold water and reacts to give off poe: 
of hydrogen. Eventually a white suspension 1s formed ates ter 
that the calcium hydroxide produced is only sparingly soluble in water. 


Ca+2H,0 = Ca(OH), +H2Î 


c Magnesium Magnesium, when burning, reacts with hot water or 
steam to produce the hydroxide and hydrogen. 


Mg+2H,0 = Mg (OH): + Gt 


NS 


Hydrogen 77, 


burning 
Magnesium ribbon 


Cotton wool 
soaked in 
Water 


; TEN 4 28) 
Heat fig. 14 The action of AK punn ey 
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d Iron Iron when red hot reacts reversibly with steam. 
3Fe+4H,0 = Fe30,+4H,f 


Hydrogen 


Heat 
strongly 


Water 


fig. 15 The action of steam on red hot iron 


2 Metals and acids 


All metals above hydrogen in the electrochemical series (page 12) 
theoretically react with dilute, non-oxidising acids to produce hydrogen. 


Zn+H,SO, = ZnSO, +H,f 


Hydrogen 
Dilute 


sulphuric acid 
and 
granulated zinc 


fig. 16 The Preparation of hydrogen 


Note: Lead and aluminium are unsuitable for this preparation as they 
react too slowly. Sodium, Potassium and calcium would give explo- 
sively violent reactions, 


3 Metals and alkalis 
Zine and alumi 


nium react with caustic alkalis to form a salt and 
hydrogen. 
Zn+2NaOH = Na,ZnO, + H,f 
(sodium 
zincate) 
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USES OF HYDROGEN 

In fuels ee 
Hydrogen alone would be too dangerous to use as a fuel, but it is widely 
used in conjunction with other gases. 

Water gas: carbon monoxide + hydrogen (page 42). m 

Coal gas: methane + hydrogen + carbon monoxide (page 42). 
Oxy-hydrogen flame for cutting and welding. 


Hardening of oils 3 A ; i 
Peanut and coconut oils are ‘hardened’ by being combined see 
hydrogen in the presence of a nickel catalyst. Thus they are conver 
into edible solid fats. 


Haber process i ? 
Ammonia is produced on a large scale by passing a mixture A ee 
of nitrogen and 3 volumes of hydrogen over an iron oxide cataly 
high temperature and a high pressure (page 84). 
N,+3H, = 2NH3 

Water Ji a 

i i i i toge 
Water, H,O, is a simple oxide of hydrogen and is produce ng 
with other prodiiéts and energy when hydrogen and hydrogen contain 
ing substances are burned in air or oxygen, e.g 


Methane: CH, +20, = CO,+2H,0 + heat 
Alcohol: C,H;OH +30, = 2CO,+3H,O + heat 


HYDROGEN BURNS IN AIR TO FORM WATER a he SEE 
This is a very dangerous reaction. The hydrogen shoul fanaa not 
in test-tubes and a light applied. If it ‘pops’, it contains T bie fame. 
be lit at the jet until a test-tube sample burns quietly with a 


Cold 
water 


Hydrogen 


burnin 
Hydrogen E 


> 2H,+0O, = 2H,0 


Anhydrous 
calcium 
chloride 


fig. 17 Hydrogen burning in air to form water 
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iqui ith anhydrous copper II 
he colourless liquid produced may be tested wit 3 4 
ae which a from white to blue, proving that water is presen 
CuSO,+5H,0 = CuSO,.5H,0 
(white) (blue) 
Pure water freezes at 0°C at a pressure of 760 mm of mercury. 
Pure water boils at 100°C at a pressure of 760 mm of mercury. 


REDUCTION OF METAL OXIDES USING HYDROGEN 


Hydrogen can ‘remove’ the oxygen from certain metal oxides, Water is 
formed and the oxide is reduced to the metal, e.g. 


CuO+H, = Cu+H,0 
PbO+H, = Pb+H,0 


Heated 
copper II oxide ø Excess gas 


burning 


Dry hydrogen 
or E 
coal gas t 

Heat 
fig. 18 Reduction of heated copper (II) oxide 


This process is known as re 


duction which can be regarded as the 
opposite of oxidation, 


Reduction 
Addition of hydrogen, e.g. 


H,+S = H,S 
Removal of oxygen, e.g. 


PbO+CO = Pb+CO, 
Oxidation 
Addition of oxygen, e.g. 


2Mg+0, = 2MgO 
Removal of hydrogen, eg. 4H 


Cl+MnO, = MnCl, +2H,0+Ch1 
WATER OF CRYSTALLISATION 


mber of water molecules which join with 
ystallise from aqueous solution. It is only 
e easily removed by gentle heating, e.g. 
CuS0,.5H,0 = CuSO,+5H,0 

(blue) (white) 
The colourless liquid which colle 


cts in the cooled test-tube can b° 
tested as before and proved to be 


water. 
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Copper (II) sulphate 
Crystals 


Cold water 
| Bea Water condensing 
fig. 19 
The percentage of water of crystallisation can be determined practically. 
a Weigh a crucible and lid (x grams). A 
b Weigh a crucible and lid and some crystals ofa hydrated salt (y grams). 
< Heat for fifteen minutes. 
d Cool and weigh again. 
© Heat, cool and weigh again (z grams). 


Weight of hydrated salt = (y— x) grams 

Weight of water = (y—z) grams 
IIR y—2) o 

Percentage of water of crystallisation = TEA 100% 


Some substances which contain water of crystallisation are: 
Epsom salts — magnesium sulphate MgSO,.7H2O 
Washing soda — sodium carbonate Na,CO;.10H,O0 
Potash alum — potassium aluminium sulh, Al,{$0x)s.24H0 
LFFLORESCENCE ak 
This term is used to describe a process by which water of crystallisation 
is lost when some substances are exposed to the air, e.g. ; iol 
Colourless crystals of washing soda become covered with a w 
Powder when exposed to the air. 
Na,CO;. 10H,0 > Na,CO3.H20+9H20 
(colourless (white powder) 
crystals) 


Such substances are said to be efflorescent. 


DELIQUESCENCE 


i orb moisture 
This describes the process whereby some jr n 
from the air and dissolve in the absorbed moisture, €.g. 


Anhydrous calcium chloride, CaCl, 
Sodium hydroxide, NaOH 
Such substances are said to be deliquescent. 
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HYGROSCOPY 


A hygroscopic substance is one which simply absorbs moisture fro 
the air without dissolving, e.g. glass, paper, and copper oxide. 
Such substances are said to be hygroscopic. 


DRYING AGENTS 


It is frequently necessary to remove traces of moisture from chemi 
substances. The following methods are commonly used. 
a Solids 


The solid (x) to be dried is placed in a container in the top compartmé 
of a desiccator in the bottom of which is a drying agent (y). 


Greased 


airtight Sete 


joint 


Gauze —»|.~ 


fig. 20 A desiccator 


Suitable drying agents for use in a dessicator are: 
chloride; silica gel. 


b Liquids 
The liquid is left for a few hours in contact with the drying agent, €: 


Anhydrous calcium chloride is used to dry ethylene dibromide. 
Sodium metal is used to dry ether. 


c Gases 


i The gas is passed through a U-tube 
agent (anhydrous calcium chloride; soda lime). 
See the special case of ammonia, page 83. 


ii The gas is bubbled through concentrated sulphuric acid in a W? 
bottle or. Dreschel bottle. 


anhydrous calcit 


packed loosely with the dry! 


Moist Dry 
gas gas 
—> Dry 
gas 
al 
Concent! 
Anhydrous sulphunié 
calcium : d 
chloride ee le 
fig. 22 A gas washing (drying) bot! 
fig. 21 - SA 
ig. 21 A U-tube a Dreschel bottle 
Note: The drying agent in all cases must not react with the subst?" 
being dried, 
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5 Carbon and its compounds 


Carbon occurs 
a In the free state as diamond and graphite 
b In the combined state as: 
i Limestone, chalk, marble (all CaCO3) and other carbonates. 
Carbon dioxide of the air. 


Petroleum products. 
Coal. 


Organic compounds in plants and animals, e.g. carbohydrates, vitamins. 


Allotropy : 

Carbon can exist in two different physical forms, both of which have s 
same chemical properties. This phenomenon is known as allotropy an 
the different forms as allotropes. 


; [e 


| fig. 23 Diamond fig. 24 Graphite 


DIAMOND 


The atoms of carbon are arranged in a regular tetrahedral mre 
shown, Each of the atoms a, b, c, and d are attached to three other a 

ete., thus producing a rigid three-dimensional structure. sean: seuss 
Diamond is very hard. It is used for drill tips and glass-cu gan 
á brilliant lustre which makes it very attractive and in great de 
Jewellery, 


GRAPHITE 


i alenc 
The atoms are arranged in layers of hexagons with ihe poe y 
ponds of the atoms holding the layers loosely together. Graphite: & 
| black, greasy solid. It is the only non-metal which con 


A i ‘lead’ in 
and is also used as a lubricant and, mixed with clay, as the ‘le 
Pencils, 


i ucture. 
Several other forms of carbon also have a graphite type str 
Wood char: 
coal s 
i ir. 
reparation : wood is heated strongly in the absence ofa 
ses.: as a fuel and a gas absorbent. 
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Animal charcoal 


Preparation: bones are heated in the absence of air; animal charcag 
therefore contains calcium phosphate as well as carbon. 


Uses: to decolourise liquids, e.g. in the manufacture of white sugar from 
brown sugar solution. 


Lampblack 


Preparation: a hydrocarbon, e.g. kerosene, is burned in an extremel) 
limited supply of air. 


Uses: as a pigment for Indian ink and printers’ ink. 

Properties of carbon 

a All forms burn in oxygen to form carbon dioxide, 
C+0, = CO, 


b Carbon is a reducing agent, i.e. it removes oxygen from some oxide! 


leaving the metal, 


2Cu0+C = 2Cu+CO, 


Proof | 
i Test copper (II) oxide with concentrated nitric acid. Blue solutio” 
no gas. l 
ii Heat copper (II) oxide/carbon mixture strongly. The gas tur 
lime water milky. 
Copper (11) oxide 
* carbon 
t 
Lime water 
turns milky 
fig. 25 


Carbon dioxide 
Carbon dioxide plays a vital part in several natural processes and! 
essential for the continuance of life on this planet, the balance in nat 
being maintained by a cycle as shown on the next page. 


w 
ÑN 


CARBON DIOXIDE 


OXYGEN 


fig. 26 The carbon cycle in nature 


PREPARATION OF CARBON DIOXIDE 


Carbon dioxide is normally prepared in the laboratory by adding dilute 
hydrochloric acid to marble chips. 


CaCO,+2HCI = CaCl, +H,0+CO,t 


Dilute 
hydrochloric 
acid and 
marble chips 


fig. 27 The preparation of carbon dioxide 


Note: Sulphuric acid ma be used as it forms an insoluble coating 
: y not be use : 

of calcium sulphate around each particle of marble, thus stopping the 

Teaction, 


The gas may be collected over water as it is only sparingly soluble, or 
Yy downward delivery as it is denser than air. 


PROPERTIES OF CARBON DIOXIDE 


1 Colourless, odourless gas, sparingly soluble in water and denser 
than air. 


Reacts with water to form carbonic acid. 
H,0+CO, = H,CO3 
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3 Reaction with magnesium. Carbon dioxide does not normally sup- 
port combustion, but a fiercely burning substance will continue to 
burn in it. Burning magnesium can decompose carbon dioxide, 
forming magnesium oxide and carbon. 

2Mg+CO, = 2Mg0+C 

4 Action on alkalis. | A 
i Carbon dioxide is absorbed by both potassium and sodium 
hydroxides, forming the soluble carbonates: 

2NaOH+CO, = Na,C0,+H,0 

and subseguently the hydrogen carbonates: 

Na,CO;+H,0+CO, = 2NaHCO, 


ii Carbon dioxide turns lime water (calcium hydroxide solution) 
milky. This is due to the formation of insoluble calcium carbonate 
and serves as a test for carbon dioxide. 


Ca(OH),+CO, = CaCO;|+H,0 
On continued passing, the solution turns clear again due to the 
formation of soluble calcium hydrogen carbonate. 
CaCO;,+H,0+CO, = Ca(HCO;), (On heating this reverses.) 


USES OF CARBON DIOXIDE 
1 Refrigeration 


Solid carbon dioxide (dry ice) is at a temperature of — 78°C and is used 
to keep foodstuffs, such as ice cream, cold in transit. 


2 Aerated waters 

Carbon dioxide is dissolved under pressure in water to make soda 
water and in flavoured drinks to make so-called ‘mineral waters’. OP 
Opening sealed bottles of such beverages. the gas escapes, producing 
effervescence. 


3 Fire extinguishers 


There are many types, all of which produce, in some way, a stream of 
carbon dioxide or carbon dioxide mixed with an aqueous solution. it 
dense blanket of carbon dioxide forms over a fire, so extinguishing " 


by preventing any further intake of air. The more modern types ol 
ie produce a stream of very cold particles of solid carbo? 
ioxide. 


4 Solvay process 
In this process carbon dioxide, 


* i ed 
2 ammonia, salt and water are combin 
to produce sodium hydrogen c: 


arbonate and sodium carbonate. 
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Carbonates and hydrogen carbonates 
These are salts of the weak acid carbonic acid H,CO3. 


= 
Formula | Colour | Solubility | Action of heat | Action of acid 


AT t 
Na,CO,|white | soluble | no action |Na,CO, +2HCI = 2NaCl+H,0+CO;1 
Os |white | soluble | no action |K CO; + 2HC1 = 2KCI+H,0+CO; 


| caco, +2HCI = CaCl, +H,0+CO:T 
MgCO,+H,SO, = MgSO. +H;0+CO.T 
2nCOy |white | insoluble |znc0, + 2HCI = ZnCl; +H,0+CO31 
PbCO, |white | insoluble |PbCO,+2HNO, = Pb(NO,); +H3;0+C0,1] 
UCO, |green | insoluble CuCO, = CuO+CO;1 |CuCOs+H3S0. = CuSO, +H,0+C0,1 


CaCO, |white | insoluble 
MeCO, |white | insoluble 


NaHCO, + HC! = NaCl+H;,0+CO,7 


NattCo,white | soluble [2NaHCO, = Na,CO,+H;0+CO; 
|KHCO,+HCI = KCI+H,0+CO,t 


KICO, |white | soluble |2KHCO, = 


Note: 

b Sodium and potassium carbonates are exceptions, except in their 
action with acids. 

b Their hydrogen carbonates are the only stable hydrogen carbonates. 


TEST FOR CARBONATE OR HYDROGEN CARBONATE 
The evolution of carbon dioxide on addition of dilute hydrochloric acid 
Serves as a test (see table above). 


WASHING SODA AND BAKING SODA 
Washing soda is the decahydrate of sodium carbonate, i.e. 
Na,CO;. 10H20 

E is used as a harsh detergent for washing floors, milk bottles, etc. 

Š aking soda is sodium hydrogen carbonate (NaHCO3). It is added in 
pout quantities to cake and bread mixtures, and gives off carbon 
rasa: when these are heated in the oven, thus making the bread rise. 

hese substances can be prepared by passing carbon dioxide into 
sodium hydroxide solution for a considerable period of time. 

2NaOH + CO, = Na2CO3+H20 
Na,CO,+H,0+CO, = 2NaHCOs 
bss sodium hydrogen carbonate, being relatively insoluble, precipi- 
tates from the solution and can be filtered off and dried. If sodium 
carbonate is required, the hydrogen carbonate is heated. 
NaHCO, = Na,CO3 + H20 +CO21 

ae carbonate can be produced in the anhydrous state or can be allowed 
© crystallise as washing soda from an aqueous solution. 
To distinguish between them 


H E t A A 
E and test the gas evolved with lime wa 
sce above) evolves carbon dioxide while the car 


ter. The hydrogen carbonate 
bonate does not. 
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a 


CALCIUM CARBONATE, CaCO, i 
i i e 
This substance is found naturally in many different physical forms, th 


Limestone 


LIMESTONE | CaCO, 

heat t CaCO; = CaO +CO,Î 
QUICKLIME | CaO 

water y CaO+H,0 = Ca(OH): 
SLAKED LIME | Ca(OH), 


Quicklime 


fig. 28 A lime kiln 


most common being chalk, limestone and marble. Two important and 
familiar substances can be made from it by simple chemical processes. 


USES OF LIMESTONE AND ITS PRODUCTS 


soft powder with evolution of heat. This s i i 
is sparingly soluble in water. 
CaO +H,0 = Ca (OH) 


2 


<— Water 


( 4 Ve AM Steam 
Ass powdery slaked lime 


fig. 29 The slaking of guicklime 


ò 
ò 


b As a mild alkali to combat ‘sourness’ Or acidity in soil, 
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c In the manufacture of cement and mortar. Calcium hydroxide, when 
mixed with water and sand, constitutes mortar which loses water and 
sets to a hard mass. Prolonged exposure to air results in a slow reaction 
with carbon dioxide. 


Ca(OH), +CO, = CaCO3)+H,0 
(insoluble) 
d In the manufacture of calcium carbide. Either limestone or quicklime 
is heated with coke in a furnace. 
CaCO, = Ca0+COzT 
2CaO +5C = 2CaC,+COrT 
(calcium carbide) 
Calcium carbide, when treated with water, yields acetylene gas. 
CaC,+2H,0 = Ca(OH), +C2Hat 
e In the manufacture of glass. Calcium carbonate, sodium carbonate 
and silica, SiO,, are heated strongly in a furnace. 
Na,CO;+SiO2 = Na,Si0; +CO21 
CaCO, +SiO, = CaSiO3+ CO.f 
A simple form of glass is a mixture of sodium silicate and calcium 
Silicate. 
HARD WATER 
Calcium carbonate in rock formations gives rise to hard wate 
certain other side effects. 


Causes of hardness i i 
a Carbon dioxide of the air dissolves in rain, producing very dilute 
carbonic acid. 


r and 


H,O + CO, = H2CO3 
b This then attacks calcium carbonate. 


CaCO; +H,0 +CO, = Ca (HCO3)2 

(H,CO3) (soluble) 

ms. presence of small traces of soluble calcium hy! 
ce temporary hardness of the water. 

Nother form of hardness — permanent hardness —}8 € : 
traces of other calcium and magnesium salts, e.g. their chlorides and 
sulphates. The effect of both types of hardness on soap 1S the same. 

ap is a mixture of the sodium salts of some high molecular weight 
kal acids, e.g. 
kat Stearate, from beef tallow; 

has palmitate, from palm oil; 

lum oleate, from olive oil. 


drogen carbonate 


is caused by small 
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Consider for example sodium stearate. (St = —OOCC,-H;;) 


A calcium ; sodium 

a Sodium + hydrogen = eee + hydrogen 
ii carbonate carbonate 
2NaSt + Ca(HCO;), = CaSt,} + 2NaHCO, 
(soluble) (soluble) (insoluble) (soluble) 

b Sodium , magnesium = Magnesium, sodium 
stearate * sulphate stearate sulphate 
2NaSt + MgSO, = MgSt, + Na,SO, 
(soluble) (soluble) (insoluble) (soluble) 


The calcium or magnesium stearate forms a scum, and until all of the 
Ca** or Mg?* ions are removed from the water and precipitated as 
scum, the soap does not lather, is ineffective, and is wasted. 


Removal of hardness 


a Methods suitable for temporary hardness only, 
i Boiling. This produces a reversal of the reaction in which calcium 
hydrogen carbonate is formed and all the Ca2* 
from solution as insoluble calcium carbonate. 
Ca(HCO, )2 + Ca(OH), = 2CaCO + 2H,0 


ii Addition of a calculated quantity of slaked lime. This has the same 
effect as (i). 


Ca(HCO5), +Ca(OH), = 2CaCO; +2H,0 


b Methods suitable for temporary and permanent hardness, 
i Addition of washing soda. Once again the Ca?* or Mg?* 
removed from solution and pre 
Temporary hardness: 


ions are removed 


ions are 
Cipitated as insoluble carbonates. 


Permanent hardness: MgSO, + Na,CO, = Na,SO,+MgCo, 


actites and stalagmites, Calcium hydrogen cat- 
nd decomposes to calcium carbonate (limestone) 
aporates during the process of dripping from the roofs ° 


bonate is unstable a 
when it ey, 
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YUL LLL 


Stalactites 


e 


í ° 
7, 
Stalagmites 


AN 8 


fig. 30 


caves in limestone areas. A deposit of hard insoluble limestone 1s 
formed on the floor and the ceiling of the cave. These are named as 
indicated and sometimes join together forming pillars. They may be 
coloured by impurities in the limestone. 


Carbon monoxide (CO) 
PREPARATION OF CARBON MONOXIDE 


This gaseous substance may be prepared by 
through red hot carbon. 


passing carbon dioxide 


C+CO, = 2CO i 
The residual gas is washed in sodium hydroxide solution which absorbs 


any unchanged carbon dioxide by reacting with it. 
CO, +2NaOH = Na,CO;+H20 


Red hot carbon | 


Carbon 
monoxide 


Sodium hydroxide 
solution 


fig. 31 The preparation of carbon monoxide 


PROPERTIES OF CARBON MONOXIDE 


a Colourless, odourless gas. 

b Less dense than air. 

¢ Insoluble in water. 

d Burns in air to form carbon dioxide. 


2CO +0, = 2CO2 
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e Isa reducing agent. Carbon monoxide can remove oxygen from some 
heated metal oxides, reducing them to the metal, e.g. 


Cu0+CO = Cu+CO, 


Copper (I!) Excess 
oxide carbon monoxide 


~ burning 
Carbon _ ai 


Heat 


fig. 32 The reduction of hot Copper (II) oxide 


f Very poisonous. Normally the haemoglobin in the blood reacts with 


rming Oxyhaemoglobin which circulates 
around the body releasing oxygen where required. If carbon monoxide 


oxyhaemoglobin, which is quite stable, 
SO preventing the blood affected from absorbing oxygen. If a sufficient 


inhaled the person affected will die of 


SOURCES OF CARBON MONOXIDE IN EVERYDAY LIFE 
Carbon monoxide is formed when carbon-containing substances are 
burned in a limited supply of air. In a plentiful supply the product is 
carbon dioxide, 


a Petrol (octane CsHj;g is the main ingredient) 
Limited air supply: CsH,g + 17[0] = 8CO+9H,0 
Plentiful air Supply: CH; g+ 25[0] = 8CO, +9H,O 


Theair supply inside a car engine is limited, so the exhaust gases contain 
carbon monoxide and should not be inhaled. 


Note: Never start a car engine in an enclosed space, 


b Methane, CH4, a gas present in coal mines and known as firedamp. 
Limited air supply: CH,+3[0] = CO+2H,0 
Plentiful air supply: CH,+4[O] = CO,+2H,0 
Thus when an explosion o 

supply of air, one of the 
which causes considerable 


ccurs in a coal m 
Products is car 
loss of life, 


ine, where there is a limited 
bon monoxide (afterdamp) 
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2C0 + 0,=2C0, 


cO,+C=2CO 
C+0,=C02 


fig. 33 A coke fire 


hd lly heat). 
A fuel is a substance which burns to produce energy (usually 


fits compounds, 
Carbon, its mixtures with other substances, and many 0 
are efficient fuels. 


SOLID FUELS 


P vegetable matter 
Various natural products, resulting from mearay ce fi Brea 
and its subsequent prolonged compression 1n 
fuels due to their high carbon content, e.g. 

Anthracite 

Coal 

Lignite (brown coal) f 

Peat Ž tent, and there- 
These are in decreasing order of hardness. carbon con 
fore of thermal efficiency ; rariety of waste 

. we i a variety 
Such fuels contain many impurities mrs E Ae A and fog). 
Products which produce smoke and smog (a kat drogen sulphide and 
hese contain such poisonous substances Ta eral areas. There are 

Sulphur dioxide and cause many deaths in in sf ts in large cities in 
Campaigns for ‘smokeless zones’ and smokeless fu 
Many parts of the world. 


LIQUID FUELS S anai 
p asoline), para 

These include petroleum products such as Sab ener E decay and 

(kerosene) and diesel oil, which are formed in the 

Compression of animal remains. joxide and water 
hey burn in a SERE supply of air to form carbon ra sie said to. 

and produce heat energy at the same time. Suc in constituent of high 
© exothermic, e.g. the burning of octane. the ma 

grade petrol. 


2CgH 1g +2502 = 16CO2+ ae ees 
; ines an g 
Such fuels are used in petrol engines, diesel engines a 
to fire boilers for various industrial uses. 


and 
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GASEOUS FUELS 

Coal gas N ` 

This is made by heating coal in retorts in the absence of air. It may be 
carried out in the laboratory using simple apparatus as shown. 


Coal gas 


Coal burning 


Cold water 


Coal tar 
Ammoniacal liquor 
fig. 34 


The products are as follows : 


> Coal gas hydrogen 50% 


methane 30°, used (when purified) as a domestic and 
carbon ~~ industrial fuel, 
monoxide 10%, 
| 
| 
4 m> Coal tar benzene d to manufacture a vari ty of drugs: 
Coal | penal used to manufacture a variety of Cide, 
(heated) | naphthalene ——> dyes, Plastics, explosives, insectici 
| piisk an ete. (organic compounds), 


| = Ammoniacal ammonia » Converted into ammonium salts which 
| liquor are used as fertilisers, 
——» Coke carbon > a very efficient solid fuel, 


For domestic use, coal gas is carefully purified to remove such sub" 
stances as hydrogen sulphide and sul 


phur dioxide. 
Producer gas 
; red hot carbon 
Air + coke Joc, nitrogen + monoxide + heat 

AN, + C a 4N, + CO, 

4N,+CO,+ C _ 4N2 + 2CO (producer gas) 
This pr is nitrogen and 4 carbon monoxide and is therefore no! 
a very efficient fuel, 


Water gas 


Steam + red hot Coke Wc, 
H,O + G 
This mixture is 1:1 
efficient fuel since b 


hydrogen + carbon monoxide — heat 
= Hz + CO (water gas) 


hydrogen and Carbon monoxide, and is quite a? 
oth the Products burn, 
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Producer gas and water gas are usually made together, since the heat 
produced in the first reaction makes up for the heat absorbed in the 
second, thus maintaining the reaction temperature of 1000°C. 

The mixture is used as a fuel to heat the coal in gas-works; and water 
gas is sometimes added to domestic coal gas supplies to boost them 
during high consumption periods. 


6 Organic chemistry 


This is the chemistry of carbon compounds, and its scope is vast due to 
the fact that carbon atoms can join together forming straight and 
branched chains of indefinite length and also ring structures, €.8- 


HH y 
H H H H H H H HN 
PE (A Ni CS 
Heese | 26 C~H 
a ae ae igh ak tiga EN hg | 
l E 
H H HH nl H ll ar 
H—C—H WAS N 
fig. 35 | H H 


The four covalent bonds around each carbon atom are diredet (in 
Space) to the corners of a regular tetrahedron (fig. 36) and the onr 
Positions a, b, c and d, are occupied by carbon atoms or atoms 0 


ea which form covalent linkages with carbon. (¢.- H, O, N, Cl. 
r, 


t 


hg 36 c 


y is seen therefore that the structures on paper above do not Sal 
Ue picture of the shape of the molecules. which can best be visuals 
Y using atomic models. 1 
Tganic compounds may be naturally occurring, as the name ‘organic 
Suggests, comprising products from coal tar and petroleum. and ei 
a a proteins and vitamins from animal and plant Sa hate 
ay also be synthetic (man-made), comprising a vast range & ee 
Pounds such as dyes, drugs, plastics. fibres. insecticides and explosives. 
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Homologous series 


which is a series of compounds of increasing molecular weight possess 
ing similar groupings of atoms. 


GENERAL PROPERTIES OF HOMOLOGOUS SERIES 


a All members of the series can be represented by a general formula, 


e.g. C,H>,,OH represents all primary alcohols. If n = 1 the formula 
becomes CH,OH — methyl alcohol. 


es (i.e. as n increases) the specific gravities, 
stances increase, €g 


eries, isa light gas but 
36 in the same series isa solid. 


Note: The first member of each series is seldom typical, 
The following are four of the simpler homologous series, 


Paraffins (Alkanes) 


These are the simplest type of hydrocarbon 


= compounds containing 
only hydrogen and carbon. 
General formula : CH,,42 
= 
Molecular A Molecular 
le formula Structural formula weight 
L 
ai H 
Methane CH, ede 16 
| 
= H A 
HH 
Ethane CH, rae Noe 30 
Hes 
L A + 
ang li 
| 
Propane CH; üld 5 44 
ee a 


Molecular Structural formula Molecular 
formula weight 
H H HH H 
| Peal 
C—C—H H—C—C ii H 58 
| | | 
Ho H H 
H—C—H 
| 
H 
kK n-butane iso-butane | 
Note: 
a There is a constant increment of molecular weight between con- 
; _ [NZ 
Secutive members of the series. G = 14 
/ NH 


b n-butane (n = normal) and iso-butane are isomers, i.e. compounds 
With same molecular formulae and different structural formulae. 

he paraffins occur in coal mines, as natural gas and in marshes and 
Swamps as a product of the decay of vegetation. 


Preparation of methane n : : 
mixture of anhydrous sodium acetate and soda lime (main constituent 


Sodium hydroxide) is heated strongly and the gas collected over water. 
CH,COONa+NaOH = Na,CO3+CHat 


Anhydrous 
Sodium acetate 
and soda lime 


Methane 


Heat 


fig. 37 The Preparation of methane 


This method may be used to prepare any member of the series by 


Teplacing CH, with any other alkyl radical, 
e.g. C,H,;COONa — C2H6 
(sodium propionate) (ethane) 
Properties of paraffins (using methane as a typical member) 
4 They burn in air or oxygen 
CH,+20, = CO,+2H,0 +heat 
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b They react with chlorine (in the presence of ultra-violet light) to form 
a variety of products — halogen derivatives of the paraffins. 
This type of reaction is called substitution as chlorine atoms take the 
place of hydrogen atoms, e.g. 
CH,+Cl, = CH3C1+HCI 
(methane) (methyl chloride) 
CH3C1-+ Cl, = CH,Cl,+HCI (methylene dichloride) 
CH,Cl,+Cl, = CHCl; + HC! (chloroform) 
CHCI, +Cl, = CCl,+HCl (carbon tetrachloride) 


This is a chain reaction, continuing until all four hydrogen atoms are 
replaced. 


Paraffins of higher molecular weight than methane produce many 
more products of chlorination. 


Olefines (Alkenes) 


These also are hydrocarbons. 
General formula: C,H,, 


| Molecular Structural E Molecular 
formula 1 formula weight 
HY 2A ie 
Ethylene C,H, C=C 28 
(ethene) H~ SH 
— —f 
AH Oj T 
rou 
Propylene C3H, Boo" 42 
(propene) | NH 
[E H 


Note: each compound in this series contains one double bond between 
two carbon atoms. 


Preparation of ethylene (ethene) 


A mixture of 1 part ethyl alcohol and 2 uric 
acid is heated to 170°C Fed Sie eE 


h and the gas evolved is pas hrough sodium 
hydroxide solution to She ao 


) free it from sulphur dioxide. Sweet smelling 
ethylene gas is collected over water. 


C2H;0H+H,SO, = C,H,HSO,+H,0 


(ethyl (ethyl hydrogen 
alcohol) sulphate) 


C,HsHSO, = H,S0,+C,H,t 
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conc. sulphuric Ethylehie 


acid 


Sodium hydroxide 
solution 


fig. 38 The preparation of ethylene 


The overall-reaction is the dehydration of ethyl alcohol. 


H H H JH 
(EN SOS 
HGC EC 
Ei vw y 

H OH + 
H,O 


Properties of olefines, e.g. ethylene 
a Burns in air or oxygen. 
C,H, +30, = 2CO,+2H20 
a double bond and are therefore 


b Addition reactions. Olefines contain 1 
be added, using up all 


SAI 
ne to be unsaturated. Thus other molecules can 
ur valencies of carbon. 


i Hydrogen 
H H 
HOM Ni | 
C=C +H, = HOO 
e Om were 1) 
(ethyl Su 
ylene) (ethane) 
ii Hydrogen chloride 
H H 
H [4 
"c=C +HCI= s aa fice 
H $ 
H H H 
(ethylene) (ethyl chloride) 
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iii Bromine 


H H | 
Ku? | | | 
PR. +Br, = Br i Br 
H H Hu 
(ethylene) 


(ethylene dibromide) 


iv Concentrated sulphuric acid 


H H 
HAT | 
eae vead i ie 
H H H HSO, 
(ethylene) (ethyl hydrogen sulphate) 
Alcohols 


General formula: C,H,,, ,OH 


Preparation of ethyl alcohol (ethanol), a typical member of the series. | 


Ethyl alcohol is usually made from carbohydrates by fermentation, 
using organic catalysts called enzymes. | 


Starch diastase Maltose maltose Glucose zymase Alcohol , 0, 
(CoH 1005), from malt C12H32011 “From C.H1206 from C2H;OH 


yeast yeast 


Ethyl alcohol is the substance known as ‘alcohol’ in everyday life. It 
is produced by the above method as a very dilute agueous mixture and, 


depending on the conditions and additives, the result is one of several 
well-known alcoholic beverages. 


For industrial use the dilute mixture is carefully 
various conditions methylated spirit, surgical spi 


Properties of ethyl alcohol (ethanol) 
a Burns in air or oxygen. 


C,HsOH +30, = 2C0,+3H,0 
b Reaction with sodium metal. 


distilled, giving under 
rit or absolute alcohol. 


2C,H;0H+2Na = 2C,H;ONa+H>t 
This is analagous to the reaction of 


} sodium with water but is much less 
vigorous (see page 25). 


AR 


Molecular Structural Molecular 
formula formula weight 


H 


| 
Methyl alcohol | CHOH H—C—OH 32 
(methanol) 
H 


H H 


| | 
Ethyl alcohol C,H;OH H—C—C—OH 46 
(ethanol) | | 


a H H 
H HH 
Propyl alcohol | C;Hs0H | H—C—C—C—OH 


(propanol) e et 
H HH 


(n-propanol) 


H 
néu 
H—C—OH 
HC =H 

H 


(iso-propanol) 4 


60 


Each of these contains the — OH radical attached to an alkyl radical. 


€ Reaction with phosphorus pentachloride PCls 


C,H;OH+PCl;= C2HsCl +POCI;+HCIt 
(ethyl (phosphorus 
chloride) oxychloride) 
OH by —Cl and the 


The overall reaction is the replacement of — 1 
a test for an organic 


evolution of hydrogen chloride, and serves as 
OH group. 

d Reaction with concentrated sulphuric acid: (see preparation of 

ethylene), 


€ Oxidation, The oxidising agent is chromic acid, which is made by 
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adding concentrated sulphuric acid to a concentrated solution of 
potassium dichromate in water. 


H H 


H H 
; O 
| | l # to [Zz 
H—C—C—OH [0] H—C—C [ ] BE R 
| Sy | OH 
H H H H 
(ethyl alcohol) (acetaldehyde) (acetic acid) 
(ethanol) (ethanal) (ethanoic acid) 
Acids 
These are commonly known as fatty acids or carboxylic acids. 
General formula: C,H2, +1 COOH 
Molecular Structural Molecular 
formula formula weight 
[F ro) 
A 
Formic acid f H.COOH H—C 46 
(methanoic acid) OH 
TEH EE | 
‘ae | 
Acetic acid CH3.COOH H—-C—C 60 | 
(ethanoic acid) | on | 
H | 
H H 
ESA ze 
Propionic acid C,H;COOH H—C—C—C 74 
(propanoic acid) | | XN 


They all contain the —C 


group (Carboxyl group) and an alky! | 
OH 
radical. 
Preparation of acetic acid, a typical member. 
Acids may be prepared b 
chromic acid. A reflux condenser in whi 


[Oo 
C,H,OH [9] CH;,CHO [9] CH,COOH 


(ethyl (acetaldehyde) (aceti 
alcohol) F Jo n 


Ethyl alcohol 
and 
T chromic acid 


Heat 


fig. 
9. 39 The preparation of acetic acid 


M of acetic acid 
a ; 3 
aiid ie ii alkalis. They behave as norma 
Th CH;COOH+ NaOH = CH,COONa+H20 
b eend is ionic. H* + OH” > H,O 
andi ction with alcohols. This reaction is simi 

is incomplete, e.g. 

CH,COOH +C,H,OH = CH,COOC,Hs + H20 
(ethyl acetate) 

ocess is called esterification. The 
d sulphuric acid removes the 


1 acids and form salts 


lar to (a), but is not ionic 


Eth A 
“a is an ester and the pr 
Water ja small quantity of concentrate 
© Reacti Prevents the back reaction from taking place. 
on with phosphorus pentachloride. 
CH,COOH+ PCI, = CH;COCI+ POCI; + HCIÎ 
(acetyl 
Agai chloride) 
ai a 
n an — OH group is replaced by a chlorine atom and hydrogen 


Chloride is £ 
loride is formed (see also p. 49). 
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7 Laws governing the 
behaviour of gases 


BOYLE'S LAW 


The pressure of a fixed mass of gas is inversely proportional to its 
volume when the temperature remains constant. 


Pa gi T constant 


KAN z (where k is a constant) 


.. PV is constant when T is constant 
CHARLES’ LAW 


The volume of a fixed mass of gas is proportional to its absolute tempera- 
ture when the pressure remains constant. 
VoT P constant 
-. V=kT (where k is a constant) 
This means that there is a temperature where the volume of a gas is 
theoretically zero. This is approximately — 273°C, and is called the 


absolute zero, giving rise to the Absolute or Kelvin scale of temperature. 
Thus 20°C = (273+20)K = 293K. 


N.T.P. (S.T.P.) AND CONVERSION OF GAS VOLUMES 
The two laws above may be combined to give: 


PV = RT (where R is the constant for the gram molecule) 


PRE 
r 

PV, PaV2 
T, Tz s% 


Since gas volumes fluctuate so widely with changes of temperature and 
pressure, it is often necessary to convert a volume of gas to what it 
would be under standard temperature and pressure conditions (s.t-P-): 
These are 0°C (27.3K) and 760 mm of mercury (soemtimes known 3° 
N.T.P.-normal temperature and pressure) | 
Example: To convert 3 
of mercury to s.t.p. 


| 
00 cm* of gas measured at 21°C and 740 m™ | 
PiV, _ P2V, 
T, T, 
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. 740x300 _ 760x V2 
“ari 273 

740 x 300x273 | 3 
ST aS M 


» Va = — 760x294 
=271:3 cm? 


GAY — LUSSAC’S LAW OF COMBINING VOLUMES 

When gases react under constant temperature and pressure conditions, 
they do so ina simple ratio by volume and the products, if gaseous, are 
also in a simple ratio to each other and to the reactants, e.g. 


Hydrogen + chlorine = hydrogen chloride 

1 volume 1 volume 2 volumes 

Hydrogen + oxygen = water (steam) 

2volumes 1 volume 2 volumes 

Sulphur dioxide + oxygen = sulphur trioxide 

2 volumes 1 volume 2 volumes 

Carbon + oxygen = carbon dioxide 

(solid) 1 volume 1 volume K 

Carbon monoxide + steam = carbon dioxide + hydrogen 
1 volume 1 volume 1 volume 1 volume 
Nitrogen + hydrogen = ammonia 

l volume 3 volumes 2 volumes 


AVOGADRO’S HYPOTHESIS i 
Equal volumes of gases at the same temperature and pressure contain 
equal numbers of molecules. 


hus if 2 volumes of hydrogen + 1 volume of oxygen = 2 volumes 


of steam 
= 2 molecules 
of steam, 
HNS 
2 IN 


then 2 molecules of hydrogen + 1 molecule of oxygen 


The atomicity of gases (number of atoms per molecule) 


Hydrogen + chlorine = hydrogen chloride 
volume + 1 volume — 2 volumes a) 
By Avogadro's Hypothesis 
| molecule + 1 molecule + 2 molecules S 
Each molecule of hydrogen chloride must contain some hydrogen 374 
Some chlorine, and since part of an atom cannot take part ina ree f 
€ hydrogen molecule and the chlorine molecule must both contain at 


east 2 atoms, i.e. one atom of each going to each hydrogen ia 
Molecule. 


ere is no evidence to prove that there are more t 


han two atoms in 
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each of these molecules: there is independent evidence, outside the 
scope of this text, to prove that there are only two. 


THE VAPOUR DENSITY OF GASES 


The vapour density (V.D.) of a gas or vapour is the weight of a volume 
of the gas divided by the weight of the same volume of hydrogen under the 
same conditions of temperature and pressure. 


DA weight of 1 volume of gas 
`" weight of 1 volume of hydrogen 
weight of n molecules of gas (by Avogadro’s 
weight of n molecules of hydrogen Hypothesis) 


weight of 1 molecule of gas 
weight of 1 molecule of hydrogen 
_ Molecular weight of the gas 
3 


It has been established that the hydrogen molecule is diatomic, and 
each hydrogen atom has a weight of 1. 

Thus the molecular weight of a gas or vapour is twice its vapour density. 
Since the density of a gas is relatively easy to measure, this provides a 
simple method of determining molecular weight. 


THE GRAM MOLECULAR VOLUME (G.M.V.) OR MOLAR VOLUME 


The density of hydrogen is easily measured, and so the volume occupied 
by 1 gram molecule or 1 mole at s.t.p. is easily calculated and is found 
to be 22-4 litres. From Avogadro’s Hypothesis it follows that: 


The gram molecular weight of any gas occupies a volume of 22-4 litres 
at S.t.p. i 


22-4 litres is called the gram molecular volume (G.M.V.) or molar 
volume and is of importance in converting weights of gases to volumes 
and vice-versa (see page 58). Thus, at s.t.p. 


.2 g of H, occupies 22-4 | 
28 g of N, occupies 22-4 | 
44 g of CO, occupies 22-4 ], 


DETERMINING OF THE FORMULAE OF VARIOUS GASES 

a Hydrogen chloride | 
Equal volumes of hydrogen and chlorine 
apparatus shown in fig. 40. 

Taps A and C are closed and ta 
diffuse sunlight, to allow the gase 


are introduced into the | 


P B is opened, with the apparatus in 
S to react. After some time, A is opene 
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Chlorine 


Hydrogen 


fig. 40 


a mercury. Nothing happens showing that no pressure (and there- 

nce gous) change has occurred. Tap A is then opened under water 

th a completely fills the apparatus, showing that a very soluble gas 
ydrogen chloride) has been formed. 


<. 1 volume hydrogen + 1 volume chlorine = 2 volumes hydrogen 


chloride 
By Avogadro 

1 molecule hydrogen + 1 molecule chlorine = 2 molecules hydrogen 
chloride 

~. 2 atoms hydrogen + 2 atoms chlorine = 2 molecules hydrogen 
chloride 

-. Latom hydrogen + 1 atom chlorine = 1 molecule hydrogen 

chloride 


~- The formula of hydrogen chloride is HCI. 

b Steam 

ma spark is passed through a mixture of 2 volumes of hydrogen 

(eudi volume of oxygen, contained over mercury ina graduated tube 

vol ometer) at a temperature higher than 100°C. It is found that the 
ume decreases by 4 if the temperature is kept constant. 


<. 2 volumes hydrogen + 1 volume oxygen = 2 volumes steam 


By Avogadro 
2 molecules hydrogen + 1 molecule oxygen = 2 molecules steam 
<. 4 atoms hydrogen + 2 atoms oxygen = 2 molecules steam 
E =. 2 atoms hydrogen + 1 atom oxygen = 1 molecule steam 
“. The formula of steam (water) is H20. 
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c Carbon dioxide and sulphur dioxide 
A small sample of carbon or sulphur is burned in excess oxygen over 
mercury in a graduated tube. After cooling to the original conditions 
there is no change in volume. 
-. 1 volume carbon dioxide is formed from 1 volume oxygen 
By Avogadro 
1 molecule carbon dioxide is formed from 1 molecule oxygen 
.. 1 molecule carbon dioxide is formed from 2 atoms oxygen 
-. The formula of carbon dioxide is C,O,. 
But the V.D. of carbon dioxide is 22. 
-. Molecular weight is 44. 
(C = 12;0 = 16). 
<. 12x+32 = 44 

x=1 
-. The formula of carbon dioxide is CO». 
Similarly, the formula of sulphur dioxide is SO). 


8 Atomic weights and 
equivalents (combining 
weights) 


As the study of chemistry developed it was found necessary to obtain 
some idea of the weights of atoms. Since these are infinitesimal, it is only 


necessary to compare their weights, and the standard chosen for this 
was hydrogen, the element with the lightest atom. 


Atomic weight 


The atomic weight of an element is the weight of one atom of the element 
on a scale on which the hydrog 4 


( en atom weighs one (unit). 

This standard was later changed to oxygen, so changing slightly all 
atomic Weights. It was subsequently changed to a stable isotope ° 
carbon which is the International standard today. 


THE RELATIONSHIP BETWEEN MASS NUMBER AND ATOMIC WEIGHT 
is the total number of protons and neutrons 
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the same is due to the existence of isotopes, i.e. atoms with the same 
electronic structure but different numbers of neutrons in the nucleus, 
e.g. chlorine consists of two isotopes. 


Cc C137 
17 electrons 17 electrons 
17 protons 17 protons 
18 neutrons 20 neutrons 


These are chemically the same, due to their identical electronic struc- 
tures. Since they are of different weights their existence means that the 
measured atomic weight isa weighted average ofthe weight ofall atoms 
of the element. 

For example, chlorine has an atomic weight of 35: 
is more C]? than Cl?” in existence. 


5 showing that there 


THE RELATIONSHIP BETWEEN EQUIVALENT (COMBINING WEIGHT) AND 


ATOMIC WEIGHT 


Water contains hydrogen combined with oxygen. 
Combining weights 

(experimental) 1 8 
Atomic weights 1 16 
Factor involved 1 2 
Magnesium oxide contains magnesium combined with oxygen. 
Combining weights 8 

(experimental) 12 6 
Atomic weights 24 ! 
Factor involved 2 4 


The facjor in each case is the combining number or valency of the 


element. 


Thus atomic weight _ valency 
equivalent 
or atomic weight _ combining number 


combining weight 
The equivalents can be determined accura 
accurate values of atomic weights can be ca 


tely by various means and 
Iculated from them. 
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DULONG AND PETIT’S LAW 


For metals at normal temperature, 
Atomic weight x specific heat = 6-4 


Consider an element of specific heat 0-09 and equivalent 32. 
Then atomic weight x 0:09 = 6:4 
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-. Approximate atomic weight = 009 = 71:1 
Approximate atomic weight 71-1 22 approximate alal 
Equivalent 32 


The valency must be a whole number and the most likely value here 
is 2. 
<. Accurate atomic weight = equivalent x valency 
= B22, 
= 64 


The use of atomic weights in calculations 


For practical purposes the atomic weight is expressed in grams; it thus 
becomes the gram atomic weight. 


a Calculation of molecular weight or formula weight, e.g. 


Magnesium oxide MgO 
Atomic weights 24+ 16 
Gram formula weight = 40 g 
Washing soda Na,CO;.10H,O 
Atomic weights (2x 23)+12+(3 x 16)+ 10[2+ 16] 


Gram formula weight = 286 g 


Example: Calculate the weight of lead formed when 22-3 g of lead 
(IT) oxide is reduced by hydrogen ( Pb= 207; O = 16). 

Write a balanced equation, PbO+H, = Pb+H,O 

Extract the relevant parts. PbO = Pb i 

Calculate the formula weights. (207 + 16) 207 

*. 223 g lead (II) oxide produces 207 g lead on reduction 

=. 22:3 g lead (II) oxide produces 20-7 g lead on reduction 


This type of calculation may involve a gas volume. 


Example: Calculate the 
750 mm pressure, forme 
pletely decomposed by hi 
volume is 22-4] at S.t.p.) 


volume of oxygen, measured at 27°C and 
d when 4-32 g of mercury (II) oxide is com- 
eat (Hg = 200; O = 16; the gram molecular 
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Write a balanced equation. 2HgO "=" 2Hg+02Î 


Extract the relevant parts. 2HgO — O2 


Calculate the formula weights. 2(200+16) — 32 
. 432 g mercury (II) oxide produce 32 g oxygen = 22-4 l at s.t.p. 


. 4.32 g mercury (II) oxide produce 224 cm? oxygen at s.t.p. 
Convert 224 cm? from s.t.p. to the stated conditions. 


P\V, Bie 
TE 
760x224  750x V2 
273 7 300 
760 x 224 x 300 


i Va = 750x273 
= 249-4 cm? 


Thus 4-32 g mercury (II) oxide when heated prod 
oxygen at 27°C and 750 mm. 


uces 249-4 cm? 


b Calculation of percentage composition 


Example: Calculate the percentage composition of magnesium oxide 


(Mg = 24; O = 16). 


MgO 
24+16 = 40 
$ 24 ay = 100% 
(Mg = 74 « 100 A %0 in 
= 60% = 40% 


Example: Calculate the percentage composition of ammonium sul- 


phate. (N = 14: H = 1:5 = 32:0 = 16) 
(NH4)2SO4 


2[14+4]+32+(4 x 16) = 132 
maB yas Sx 100%: 
ON = 747% 10043 or 132 
— 21:22% = 606% 
6 32 oy. 0 = x 100% 
AS = 1° 100%; 0 ax 
= 2424% = 48-48 4% 
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€ Determination of empirical and molecular formulae 


iti X is carbon 
Example: The percentage composition of a compound l 
40%, Fodioien 6:67% and oxygen 53-33%. If the vapour density of 
the compound is 30, determine its empirical formula and hence its 
molecular formula. (C = 12; H = 1:0 = 16) 


% = relative weights | Relative numbers of atoms | Simplest ratio 


w i 
40 5 = 333 
6:67 SSI 667 2 
53:33 


n 
w 
w 
wo 
ll 
w 

w 

wo 

m 


-. The simplest (empirical) formula is CH,O. 
Vapour density of X (V.D.) = 30 


<. Molecular weight of X = 30x2 = 60 (see page 54). 
Molecular weight of CH20 = 1242416 = 30 


<. Molecular formula of X is (CH,0), or C,H,0,. 


Volumetric analysis 


The gram eguivalent of an acid is the number 


of grams of the acid 
which contain one gram of replaceable hydrogen. 


Examples: 

Acid Hydrochloric | Nitric Sulphuric | Acetic 

Formula HCl HNO, H,SO, CH,;COOH 
Atomic weights 1435-5 1414448 | 2432464 12+3+12+32+1 
Gram formula 

weights 36:5 63 98 60 

Gram eguivalent 36-5 63 98 60 

BE) “T =3658 |T = 638 7=98 | 7 = 608 
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Note: the number of replaceable hydrogen atoms is known as the 
gram formula 


basicity 
The gram equivalent of a base is the number of grams of the base which 
react with one gram equivalent of any -acid. (This can be applied to 
metals and carbonates as well as to oxides and hydroxides.) 
Examples: 
a Sodium hydroxide. 
NaOH + HCI = NaCl+H,0 

23+16+1= 365 kA 
<- 40 g NaOH= 36-5 g HCI, which is the g.E. of hydrochloric acid. 
<. The g.E. of sodium hydroxide is 40 g. 


basicity of the acid and the gram equivalent = 


b Potassium hydroxide. 
2KOH + H,SO, = K2804+2H:0 
2(39+16+1)= 98 
112g =98g Wit 

56 g KOH=49 g H,SO, which is the g.E. of sulphuric acid. 
“. The 8.E. of potassium hydroxide is 56 g. 
€ Sodium carbonate. 

Na;CO, + 2HCI = 2NaCl+H,0+CO2 

46 +12 +48 =2 x 365 
106 g=2x 365g 
53 g=36:5 g 

< The g.E. of sodium carbonate is 53 g. 
Similarly 
The g.E. of sodium hydrogen carbonate (NaHCO 
The g.E. of potassium hydrogen carbonate (KHCO 


3) = 84 g. 
3) = 100g. 


NORMALITY 
E n of pure 

A normal Solution (N) is one which contains La on i of p 
“eöstance per litre of solution. (1 litre = 1 dm” or l 4 
Example : 

The gram eguivalent of sodium hydroxide is 40. N) solution. 
<- A solution containing 40 g per litre is a narmal N 
a i i as sr - | solution. 
- A solution containing 4 g per litre is a decinormal (15 


The ] 


s 01N a id it 1s obvious that the 
Norm 


atter can also be expressed a 
a p lue. e.g. 0126 N. 


ality of a solution can have any va 
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It is also obvious from the above that 


Normality x gram equivalent = concentration in g per litre 
0-1 N x40 = 4 g per litre 
0-126 N x40 = 5-04 g per litre 


MOLARITY 


A molar solution (M) is one which contains | gram molecule (1 mole) of 
pure substance per litre of solution. x 
This is merely an alternative method of expressing the concentration 
ofa solution and avoids the necessity of using equivalents. The molarity 
of a solution is the same as its normality in only some cases (e.g. 
HCI, NaOH) but not in others (e.g. Na,CO3, HSO,), so care must be 
taken to refrain from indiscriminate use of the two terms. 

A standard solution is a solution of known concentration, and the process 
which makes use of its value to find the concentration of another solu- 
tion is known as a titration. 


The g.E. of hydrochloric acid = the g.E. of sodium hydroxide 
«<. 365 g of hydrochloric acid = 40 g of sodium hydroxide 
~. From the definition of normality 
1000 cm? N HCI = 1000 cm? N NaOH 


Ili 


.. 25 cm? Nuc = 25 cm? I NaOH 


10 
Volume of | normality of — Volume of | normality of 
acid acid -~ base base 
V, N, = Vi Ne 


If one of these is unknown, say N,, it can be found by doing a titration 
and a simple calculation. 


A TYPICAL TITRATION 


Find the normality and concentration in grams per litre of the give? 


hydrochloric acid solution, using the 0-105 N sodium carbonate 
provided. 


Apparatus required : burette, 25 cm? pipette, 3 conical flasks, wash- 
bottle, white tile and indicator bottle 
Method 

a Wash out all apparatus with distilled water. 

b Wash the burette with a little of the acid solution and fill with acid. 
c Drawa little sodium carbonate solution into the pipette, run it aroun 
the inside of the pipette and allow it to drain. k 
d Pipette 25 cm? of the sodium carbonate solution into a conical flas 
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and add 3 drops of methyl orange (screened methyl orange if preferred). 
e Record the initial burette reading and add acid from the burette 
ey and carefully with washing until the colour of the indicator just 
changes. Record the final burette reading and subtract to find the 
volume of acid required. 

f Repeat this process three times and average two readings which are 
within 0:10 cm? of each other. 


Calculation 

Assume that the average titre (result of titration) is 22-50 em?. 

142250 cm? hydrochloric acid = 25-00 cm? 0-105 N sodium carbonate. 
e acid must be of higher concentration than the carbonate (since 


less of it was E 25:00 
reguired) by a factor of 750° 
$ s ; 25-00 a. 
.. Normality of acid = 537-50 *° 105N 


= 0:117N 


Concentration in g per litre = 0:117 x 36:5 
= 4-27 g per litre 


Further example: 21-55 cm? ofa solution of sulphuric acid containing 
E 8 per litre was required by 25 cm? of potassium hydroxide solution for 

omplete neutralisation. Find the normality and concentration in 
grams litre of the potassium hydroxide. (H = 1;5 = 32; 0 = 16; 


H,S04 
2+32+64 = 98 


The gE. of H,SO, is = 49 
“- Normality of sulphuric acid = 2 N 


LaS cm? 3, N sulphuric acid = 25 cm? potassium hydroxide 


ie 21:55. 5 
=. Normality of KOH = —53 “29 
= 0:088 N 
2KOH + H,SO, K,SO,+2H20 


2(39+16+1) = 98 
» 56 = 49 
-. The g.E. of KOH is 56 g. 
Strength in g per litre = 0-088 x 56 
= 4-93 g per litre 
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Faraday's laws of electrolysis 
THE FIRST LAW OF ELECTROLYSIS 
The mass of a substance liberated in electrolysis (see page 13) is pro- 
portional to the quantity of electricity passed. 
m (grams) x Q (coulombs) 
malt [Q coulombs = J amperes x 1 seconds] 
m = ZIt 


Zis a constant for a particular element and is called the electrochemical 
equivalent of the element. 


Examples: i 

a Calculate the mass of copper deposited on the cathode when a current: 

of 2 A is passed through copper sulphate solution for half an hour. 

(The electrochemical equivalent of copper is 0-000 33 g per coulomb.) 
m = Zlt 

0:000 33 x 2 x 1800 

1:188 g 


ll 


b Calculate the time required to produce 100 cm? of hydrogen, at 25°C 
and 750 mm pressure, by passing 2 A through dilute sulphuric acid in 
a Hoffmann voltameter. (E.C.E. for hydrogen is 0-000 0105 g per 
coulomb; the gram molecular volume is 22:41 at N.T.P.) 


Convert the volume to N.T.P. 


PV, _ PV, 
7, Ta 
100x750 760x V, 
238 O73 
Msta ORA yt roan NTP, 


298x760 
From G.M.V. at N.T.P.:- 22-4 litres weigh 2 grams. 


90:42 cm? weigh 2% 90-42 g 
22 400 
m = Zit 


, m 


Ss 


I 


h 2 x 90-42 
22 400 x2 x 0-000 010 5 
384-5 seconds = 6 minutes 24-5 seconds: 
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Note: It was necessary to convert the volume to N.T.P. since the 
conversion factor (G.M.V.) was under N.T.P. conditions. Pressure and 
volume changes have no effect on the mass ofa gas, only on its volume. 


THE SECOND LAW OF ELECTROLYSIS 

When the same guantity of electricity is passed through different solutions 
of electrolytes, the masses of substances liberated are proportional to 
their chemical equivalents. 

This can be proved by setting up three voltameters in series, passing a 
current through them for a certain time and measuring the weights of 
the substances liberated. 


Hoffmann voltameter 


Dilute 
sulphuric 


© iir mna 


fi + 
19.41 Experiment to prove Faraday's Second Law of Electrolysis 


d silver are in the ratio of 
f the elements. The gram 


T i 
3 he Weights of copper, hydrogen, oxygen an 
the mass liberated is 


a :8:108 which are the equivalents © 
Pro ic weights are 63:5:1:16:108, and since 
OX Portional to the guantity of electricity ( 
Ygen both seem to need twice as many coulom 


Ydrogen and si i i 
silver for the liberation of one st A ; 
voPPer and oxygen have valencies of two and hydrogen ahd silver i 


Vi ; 
alencies of One 


Example: Calculate the weight of silver deposited on the cathode of a 
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silver voltameter in the same time as 119-3 cm? of hydrogen at 27°C 
and 784 mm pressure are evolved in a Hoffmann voltameter in series 
with it. (Ag = 108; H = 1; G.M.V. = 22-4 lat s.t.p.) 

Convert 119-3 cm? to s.t.p. 


Ply PVs 
fe > Ty 
1193x784 _ V,x 760 
2000 213 
y, — 1193x784 x 273 
2 = 300 x 760 


= 112 cm? at N.T.P. 
22 400 cm? of hydrogen at N.T.P. weighs 2 grams. 


2x 112 
22 400 
= 0-01 grams. 


By the Second Law the masses liberated are in proportion to the 
chemical equivalents. 


112 cm3 of hydrogen at N.T.P. weighs grams. 


Atomic weights Ag = 108 H=1 
Eguivalents 108 1 
Weights liberated xX grams 0-01 grams. 
108. 1 
"x 7 001 


x = 1:08 grams 
The weight of silver deposited is 1:08 grams. 


9 Sulphur 


OCCURRENCE 


as the Frasch Process. 
b Astheelementin volca 
in Sicily. The sulphur is 
c As various metal sulp 


nic deposits which occur on or near the surface 
Purified by a process similar to distillation. 
hides, e.g. zinc blende, ZnS, cinnabar, HgS- 
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Approximate shape 
of 
thombic sulphur crystal 


Approximate shape 
y of 
monoclinic sulphur crystal 
fig. 42 Allotropes of sulphur 


ALLOTROPES OF SULPHUR 
Sulphur can exhibit allotropy (compare carbon p. 31) and can be 
Produced in the following different physical states. 


Rliombie sulphur(z) Formed as squat yellow crystals by the evapora- 
ion ofa solution of sulphur in carbon disulphide. 


rmed as long yellow needle 


Monoclinic sulphur (6) (Prismatic) Fo 
just melts and then 


ae crystals when sulphur is heated until it 
Owed to cool slowly. 


Plastic sulphur(y) Formed as a brown rubbery mass when sulphur is 
eated until it boils and is then poured into cold water. 


Amorphous sulphur (5) Formed slowly asa fine yellow susp 
ute acid is added to sodium thiosulphate solution. 


ension when 


PROPERTIES OF SULPHUR 
a Acti ; 
ction of heat in the absence of air. 


Yellow powder m= amber liquid qac 


» dark viscous liquid 


boisi, dark mobile liquid 
b Acti N 444 C 
on of air or oxygen on heated sulphur. 

CF S+0, = SO, (sulphur dioxide) 
H Ormation of sulphides by direct combination. 
ka oe H,+S=H,S (hydrogen sulphide) 
dA A Fe S = Fes (iron sulphide) 
Co Ction of concentrated oxidising acids on sulphur. 
ie 2H,SO, = 2H,0 +2802+2 
a acid: S+20] = SO, 

one t Si hed s 

2H,50, +5 = 2H,0 +380: 


I 
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Concentrated 6HNO = 3H,0+6NO,+3f6] 


nitric acid: S+3f6] = Se, 
H,0-+80, = HSO, 
Add 6HNO;+8 = 2H,0+H,SO, + NO, 


In each case the sulphur has been oxidised to sulphur dioxide which 
may then react further. 


USES OF SULPHUR 


a Preparation of sulphuric acid (see page 73) leading to a variety of 
products. 


b Manufacture of sulphates, sulphites and bisulphites. 
c As a fungicide for certain plants. 
d Vulcanisation of rubber. 


Hydrogen sulphide 
PREPARATION OF HYDROGEN SULPHIDE 


Hydrogen 
sulphide 


Iron (11) sulphide 
and dilute 
hydrochloric acid 


fig. 43 The Preparation of hydrogen sulphide 


a If only a few gas jars of hydrogen sulphide are required, it may be 
prepared using the apparatus shown in fig. 43. It is collected over warm 
water as it is guite soluble in cold water. 


FeS +2HCI = FeCl, + H,Sf 


50% 
Hydrochloric 
acid 


Iron (11) sulphide 


fig. 44 Kipp's apparatus 
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b Ifa regular supply of hydrogen sulphide is required for analysis, it 
is prepared Tae i KDE Apparatus (fig. 44). 50% ky or 
20% sulphuric acid is poured into C, fills A and comes ae con 2 
with the ferrous sulphide in B. The reaction starts and nee 
sulphide is formed in B, displacing the air. When B is full of kr 
sulphide the tap D is closed and a pressure is set up, forcing wa 
down into A, so stopping the reaction. On opening the tap D, hydrog 
sulphide can be obtained when required. | a 
Note: This generator can be used to prepare in quantity any gas whic 
is made from a solid and a liquid in the cold. 


PROPERTIES OF HYDROGEN SULPHIDE 

General 

a Colourless gas. z 

b Smells of rotten eggs (sulphur present in eggs). 
€ Slightly denser than air. 

d Soluble in water. 


As an acid Fien 
In solution hydrogen sulphide produces H™ ions. 

H,S = 2H*+S*~ 
Therefore hydrogen sulphide acts as a d 
Series of salts known as sulphides. A 
These are formed by the action of hydrogen sulphide on 
solutions, e.g. 


ibasic acid and gives rise toa 


alkalis or salt 


20 
Sodium sulphide: 2NaOH +H,S = =r 3 name 
Ammonium sulphide: 2NH,OH+H2S = (N s SH SO, 
Zinc sulphide: ZnSO,+H2S a a by the addition 
(The zinc sulphide will precipitate if the acid is remo 
of alkali.) 
ES H,SO 
Copper sulphide: CuSO,+H.2S = Cates 
Pe: soluble 
Sodium colourless ree soluble 
i llow sE 
anona ore insoluble mew 
S $ black insoluble _ % 
Teri ik black insoluble | insoluble 


; ist lead acetate 
Note: The formation of black lead (I) sulphide on moist 
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paper serves as a test for hydrogen sulphide. 


Pb(CH;COO),+H,S = 2CH;COOH+ PbS} 
(lead acetate) 


As a reducing agent 


Hydrogen sulphide is easily oxidised to sulphur and water and is there- 
fore an effective reducing agent. 


H-S+[0] = H,O +S} 
i Burns easily in air or oxygen. 
Plentiful supply of air: 2H,S+30, = 2H,0+2SO,f 
Limited supply ofair: = 2H,S+ 0, = 2H,0+2S| 
ii Acidified potassium permanganate: 
H 


Purple solution “ colourless solution with pale yellow precipitate 


iii Acidified potassium dichromate: 


Orange solution +S, green solution with pale yellow precipitate 


iv Concentrated nitric acid: the nitric acid is reduced to nitrogen 
dioxide and the hydrogen sulphide is oxidised to sulphur. 


2HNO3 = H,O +2NO, + [81 
(conc.) 

H-S+[ø] = H,0+S] 

Add 2HNO;+H,S = 2H,0+2NO,+S] 

v Concentrated sul 

dioxide, which rea 


ll 


phuric acid: the sulphuric acid is reduced to sulphur 
Cts with the hydrogen sulphide to form sulphur. 


H2SO, = H,0+$6,+[ej 


(conc.) 
H2S+[9] = H,0+s| 
2H-S + S0, = 2H,0+38]| 
Add H.S0, +3H,S = 4H,O F45] 


vi Hydrogen peroxide: hydrogen peroxide is reduced to water and 
hydrogen sulphide oxidised to sulphur. 
H20; = H,O + [ø] 
H,S+[o] = H O+S} 
Add H,0,+H,S = 2H,0+S] 


vii Halogens: chlorine and bromine are both reduced to the corres- 
ponding hydrides. 


Cl, +H2S = 2HC1+ S4 
Br, +H,S = 2HBr+S] 
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Note: Equations of the type 
H,SO, = H,0+SO,+[0] 
(conc.) 


e Vöi c is not given 
indicate that the reagent is an oxidising agent. — oe omidise d 
off during the reaction, but is available to sch any 
substance which makes contact with the reagent. 


Sulphur dioxide 

PREPARATION OF SULPHUR DIOXIDE ; ae 

This gas is prepared by the action of dilute acid on sodium sulp 
Na,SO,;+2HCl = 2NaCl+H,0+SO.T 


er trated 
The gas may be dried if necessary by bubbling it through concen 
sulphuric acid. 


Sulphur 
dioxide 
Sodium sulphite 
and dilute Inverted 
hydrochloric Sieni <— funnel 
acid u 
dioxide 


Sulphurous 
es acid 


fig. 46 
fig. 45 The preparation of sulphur dioxide 


PROPERTIES OF SULPHUR DIOXIDE 
General 
a Colourless gas. 
Ungent i 
A ctl 
© More dense than air (see method of colle 
ery soluble in water. 


A with wate: 
As an acid anhydride (a substance which reacts 
) 


on, fig. 45). 


r to give an 
acid 


4 Sulphur dioxide reacts with water. aceon 
ulpi : 
H,0+S0O, => H,SO3 (S vent water sucking 
Solution must be effected as shown in fig. 46 to pre 
ack into the generating apparatus. 


n 


b Sulphur dioxide and sulphurous acid react with alkalis to give 
sulphites and bisulphites. 


Sodium bisulphite : 
SO,+NaOH = NaHSO;; H,S0, + NaOH = NaHSO,+H,0 
Sodium sulphite: 
SO,+2NaOH = Na,SO,+H,O 
or H,SO3;+2NaOH = NaSO, +2H,O 


As a reducing agent 
a Potassium permanganate : 


Purple solution $2:+ colourless solution 


acid 


b Potassium dichromate: 


Orange solution 32, green solution 


acid 


e Concentrated nitric acid: the nitric acid is reduced to nitrogen 
. dioxide and the sulphur dioxide is oxidised to sulphuric acid. 
2HNO; = HO +2NO, + [9] 
S0,+ [8] = So, 
HO +586, = H,SO, 
2HNO, +50, = H2SO,+2NO,7 


Add 


d Hydrogen peroxide: hydrogen Peroxide is reduced to water and 
sulphuric acid is formed 


H,0, = H:0+[0] 
S0,+[8] = so, 
30, +H,0 = H,SO, 
Add H20,+50, = H,50, 


e Halogens: chlorine, i 


1 n the presence of moisture, is reduced t° 
hydrogen chloride. 


Cl,+SO,+H,0 = 2HCI+S6, 
SO3+H50 = H,SO, 
Cl,+SO,+2H,0 = 2HCI+H,S0, 


Add 
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In th i i i 

stlphide t actions which are similar to those of hydrogen 

ci pe 4 s phuric acid is produced in each case instead of sulphur. 
y be tested for with barium chloride solution. ‘ 


H,SO,+BaCl, = 2HCI+BaSO,) (white precipitate) 


USES OF SULPHUR DIOXIDE 


a 
: a rer abe of sulphuric acid. 
aut s a al sulphites and bisulphites as general chemicals 
ching agents for wood pulp i p i 
x J gag ulp in the pa 
As a preservative, e.g. in sausages. ja ao 


S ee 
Chea trioxide and sulphuric acid 
This ARATION OF SULPHUR TRIOXIDE (THE CONTACT PROCESS) 
fee 3 5 a 
void jõ both industrially and in the laboratory by passing a dry 
was form ad dioxide and oxygen over a heated catalyst which 
0) erly platinum (Pt) but is now mainly vanadium pentoxide 
280,+02 saast, 2503 


500°C. 
Catalyst 


Oxygen 
Sulphur dioxide = 


Sulphur 
trioxide 


Freezing 
fee mixture 
The preparation of sulphur trioxide 


(The ge ; 
he gases are in contact with the catalyst when they react.) Sulphur 


trioxide reg : 

de reacts with water to produce sulphuric acid. 

On the į SO3+H,0 = H,SO4 

phurie industrial scale the vigour of this reaction forms a mist of sul- 

ound acid drops in the air and constitutes a danger to personnel. It is 

fine oot convenient to dissolve the sulphur trioxide in conc. sul- 
acid, producing fuming sulphuric acid (oleum) which may be 


Used E E 
Se such or diluted to the reguired concentration. = s 
Water, ntrated sulphuric acid is always diluted by adding the acid to 


PRO; 
ae Mise OF SULPHURIC ACID 
i (dilute sulphuric acid) 
s above hydrogen in thee 
Mg+H,S04 = MgSO4+ Hot 
Fe+H,SO, = FeSOs+ Hot 


Jectrochemical series: 
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b Basic oxides: CuO+H,SO, = CuSO,+H,O 
c Hydroxides: E K 
i With an alkali such as sodium hydroxide, normal and acidic salts 
are formed. This is because sulphuric acid is dibasic and one or both 
of the hydrogen atoms may be replaced. 
2NaOH+H,SO, = Na,SO,+2H,O0 
NaOH +H,SO, = NaHSO,+H,O 
(sodium bisulphate, i.e. 
sodium hydrogen sulphate) 
This salt is said to be acidic, since it gives a H* ion in solution. 
NaHSO, = Na*+H*+S0,?~ 
ii With heavy metal hydroxides: 
Cu(OH), +H,SO, = CuSO,+2H,0 
d Carbonates: 


ZnCO3+H,SO, = ZnSO,+H,0+CO,t 


As an oxidising agent (concentrated sulphuric acid) 
a With metals, e.g. 


Copper: H,SO, = H,0+SO, +ø] 
Cu+ [2] = CxO 
xÓ +H,S0,= CuSO,+H,0 
Add Cu+2H,S0, = CuSO,+2H,0+SOst 
(conc.) 
b With non-metals, e.g. 
Carbon: 21280, = 2H,0 +280, +205 
C+2f6] = co, 
Add C+2H,S0, =" 28,0 +250, +CO, 
(conc.) 
Sulphur: 2H,S0, = 2H,0 +280, +240 
S+2[6] = so, 
Add S+2H,S0, = 28,0 +380, 1 
(conc.) 


c With hydrogen sulphide (cold): 


H2SO, = H,0+$0,+[6] 
H2S+[@] = H,O +S} 
2H,S+S0, = 2H,0 +3S] 
Add 3H.S+H,SO, = 4H,0+48] 
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As a dehy i 

ait add uae — ais aban sulphuric acid). Concentrated 

is evolved. great affinity for water, and on dilution much heat 

i Sugar (s 

ee E tm pee black. Sugar is a carbohydrate, i.e. it contains 
with hydrogen and oxygen which are in the ratio 2:1. 


C,2H230,,—11H20 xg? 12C 
a (white) = + (black) 
pper (II) sulphate crystals: 
CuS0O,.5H,O0—5H,0 85> C 
4 ent, CuSO. 
(blue) ee (white) 


d The i 
skin: con i i 
concentrated sulphuric acid in contact with the skin 


Temoves moi a 

hydration Thee very rapidly, thus producing great heat and de- 

may netis i urn SO produced can be very severe, and, if extensive, 
ate to the flesh and internal organs and prove fatal. 


Volatili i 

A lan mp ag acid is non-volatile and can be used to displace 

page 80 i a their salts (see the preparation of hydrochloric acid, 
e preparation of nitric acid, page 87). 


U 
dd ne SULPHURIC ACID 

ulphuric acid i 5 
Its a vr isa most important industrial and laboratory chemical. 
impossible t so many and varied that a comprehensive list would be 
a Manuf: o produce here. The most important uses are as follows: 

ei Sei of fertilisers. 

c For A ise va of general chemicals. 

In lead ning metal surfaces before plating. 

ad accumulators. Ä 


TEST 
FOR 

SULPHURIC ACID AND SOLUBLE SULPHATES 
2-jons in solution.) 


(Solub 
dd ce are substances producing SO4 
ydrochloric acid followed by barium chioride solution. 
Na,SO,+BaCl, = 2NaCl+ BaSO4l 
(white 
precipitate) 


In 
gener; 2 
al, Ba?* +SO,2-= BaSO4l 


ote: T) 
ich anne ote acid prevents the for 
ulphite SO, as a white precipitate if the 


mation of barium sulphite 
substance under test were 


as 


T% 


10 Chlorine 


This is the second member of the halogen family of elements: 
fluorine F ; chlorine Cl; bromine Br; iodine I. 


LABORATORY PREPARATION OF CHLORINE 
It is prepared by the oxidation of conc. hydrochloric acid. 
2HCI+[O] = H,0+Cl,t 
Oxidising agents which provide oxygen for this oxidation are: 
a Manganese (IV) oxide 
MnO+2HCI = MnCl,+H,0 
[0]+2HCl = Cl,+H,O 
heat 
Add MnO, +4HCI = MnCl, +2H,0 +Cl,Î 


b Potassium permanganate 
2KMnO, + 6HC1 = 2KCl+2MnCl, + 3H,0 + 587 
5[97+ 10HCI = SC, +5H,0 
Add 2KMnO, + 16HCI = 2KCI+ 2MnCl, + 8H,0 + 5C1f 


Potassium 
permanganate 

and 

conc. hydrochloric 
acid 


Chlorine 


Water to remove 
hydrogen chloride to dry 


Conc. sulphuric acid 


fig. 48 The preparation of chlorine 


c Lead (IV) oxide 


PbO+2HCI = PbC1, + H,O 
[0]+2HCi = Cl,+H,0 


heat 
PbO, +4HCI = PbCl, +2H,0+Cl,1 


Add 
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d Red lead oxide 
Pb;0,+8HCI'= 3PbCl,+4H20+Cl1 
M eae OF CHLORINE 
lori / i 
ad 1e A by the electrolysis of concentrated sodium 


At anod 

Er ae 0) 9 At cathode © 

2C1 > Cl, a H 
2 2H > H 


fig. 49 The electrolysis of brine 

the electrolysis of brine 
types of electrolytic cell. 
ufacture of sodium 


T 

a Kl a jp method is by 

The a chloride solution) using various 

hydroxid common is the one used for the man 
ide, where chlorine is in fact a by-product. 


At A 

a at Š At cathode O 

< Na*+e” > Na 

The sodium forms an amalgam 


2C1 > cl 
i with mercury which is then 
passed into water. 
2NaHg+2H:0 
= 2NaOH +2Hgt+ H,1 
The mercury is regenerated and 
recirculated. 
Chlorine 
1 Carbon anode 
®© 


jt |] 
E Mercury 


Moving mercury cathode 
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THE PROPERTIES OF CHLORINE 

Physical 

a Pale green gas. 

b Offensive choking odour. 

c Sparingly soluble in water. 

d More dense than air. 

Chemical | 

a Reaction with hydrogen. The gases react to form hydrogen chloride. 
H,+Cl, = 2HCI 


Ultra-violet light catalyses this reaction, and it becomes explosive in 
direct sunlight. 


Chlorine has such an affinity for hydrogen that it can remove it from 
hydrogen-containing compounds, e.g. warm turpentine burns in 
chlorine 


C10H,5+8C1, = 10C} + 16HCI 
and a paraffin wax taper (See p. 44) continues to burn in chlorine. 
CiHa,42+(n+1)Cl, = (2n+2)HC1+nC 
b Reaction with water and dilute alkalis. 
H,0+Cl, = HCI+HOCI 


(hypochlorous acid) 
HCI+ [0] 
O: 


Then HOCI 
Sunlight O] + [0 
s Td [0] + [0] 


Ii 


Oxygen 


Chlorine 
water 


fig. 51 


It is this oxygen which oxidises dyes to colourless substances, causing 


bleaching, and which also kills bacteria in drinking water and swimming 
pools. 


If the water cont 


ains sodium hydroxide, the salts of the two acids are 
formed. 


2NaOH+Cl, = NaCl+NaOCl+ H,O 
(sodium 
hypochlorite) 
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c Reaction with metals. Dry chlorine reacts with metals to form the 
chlorides. 

Sodium: 2Na+Cl, = 2NaCl 
Magnesium: Mg+Cl, = MgCl, 


Zinc: Zn+Cl, = ZnCl, 
Copper: Cu+Cl, = CuCl, 
Iron: 2Fe+3Cl, = 2FeCl; 


Drying tube 


EA a Mil) s 
we JT TY at 


Chlorine —> 


Anhydrous 
calcium 
chloride 


fig. 52 The preparation of anhydrous iron (III) chloride 


With the exception of copper (II) chloride, these cannot be made from 
hydrochloric acid by conventional methods, as the solution produced 
hydrolyses when concentrated leaving the oxide or hydroxide. 


d Reaction with non-metals. 
i Phosphorus: 
P,+6Cl, = 4PCl3 
PCl; +Cl, = PCls 
ii Sulphur: 
2S+Cl, = SCl, (sulphur monochloride) 


e Chlorine reacts with reducing agents, showing that it is an oxidising 


agent. 
i Hydrogen sulphide: 
oxidation 


J 
A = 2HCI+S| 
reduction 
ii Acidified sodium sulphite solution (see page 72) 


iii Ammonia: 
8NH,+3Cl, = N,f+6NH,Cl 


79 


f Displacement of other halogens from their salts. 


Potassium bromide: 2KBr+Cl, = 2KCI+Br, 

Potassium iodide: 2KI+Cl, = 2KCI+E, 

If an inch of carbon tetrachloride is added to the reaction mixture in a 
test-tube, the bromine forms a red-brown layer and the iodine a violet 
layer. 


TEST FOR CHLORINE 
Moist litmus in contact with chlorine gas turns red, due to the effect of 
the acids formed, and then bleaches due to the oxidising effect. 


USES OF CHLORINE 
a Manufacture of hydrochloric acid. 
H,+Cl, = 2HCl 


The hydrogen and chlorine come from the electrolysis of brine. 


b Chlorination of domestic water supplies and swimming pools. 
c Bleaching: 


HOC! = HC1+[0] 
Dye+[O] = Dye [O] (colourless) 
d Organic chemistry. Chlorine is used in the manufacture of many well- 
known organic compounds, e.g. 


Dichlorodiphenyl trichloroethane (D.D.T.) 
Trichlorophenol (T.C.P.) 
Polyvinyl chloride (P.V.C.) 


Hydrogen chloride and hydrochloric acid 
PREPARATION OF HYDROGEN CHLORIDE 


This gas is made by the action of concentrated sulphuric acid on a 
suitable chloride. The reaction commences spontaneously but heat is 


Hydrogen 
chloride 


4 


Sodium chloride 
and conc. 


sulphuric acid Hydrogen 


chloride 


Hydrochloric 
acid 


fig. 53 The preparation of hydrogen chloride and hydrochloric acid 
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required for its continuation. 
NaCl+H,SO, = NaHSO,+HCIT 


NaCl+NaHSO, "= Na,SO,+HCIt 
The gas can be dissolved in water forming hydrochloric acid, but the 
precaution shown must be taken to prevent sucking back due to the 
high solubility of the gas. 


PROPERTIES OF HYDROGEN CHLORIDE 


Physical 

a Colourless gas. 

b Pungent odour. 

c Fumes in moist air. 

d More dense than air. 
c Very soluble in water. 


Chemical 

a Reacts with ammonia to form white fumes of ammonium chloride. 
NH, +HCI = NH,Cl 

b When it is dried and passed over heated metals the chlorides are 


formed. 
Fe+2HCI = FeCl, +H,1 (anhydrous iron (IT) chloride) 


PROPERTIES OF HYDROCHLORIC ACID 


a Turns blue litmus red. 
b Reacts with metals above hydrogen in the electrochemical series. 


Mg+2HCl = MgCl, +H21 
c Reacts with basic oxides. 
CuO +2HCI = CuCl, +H,0 
d Reacts with alkalis and insoluble hydroxides. 
NaOH --HCI = NaCl+H.,0 
Fe(OH); +3HC1 = FeCl, +3H20 


e Reacts with carbonates. 
ZnCO;+2HCl = ZnCl,+H,0 + CO21 


f Forms insoluble chlorides with some metal salts. 

AgNO3+HCl = HNO, +AgCl| (white precipitate) 
or for any soluble chloride when nitric acid is 
he precipitate is soluble in ammonia. 


Silver chloride: 


This is a test for the acid 
present in the solution. T 


Lead (II) chloride :Pb(NO3)2 + 2HCI = QHNO;+PbCl,) 0 0 
(white crystalline precipitate) 
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Note: Lead (II) chloride is insoluble in cold water but quite soluble in 
hot water. 


These chemical properties are all due to the fact that hydrogen chloride, 
although a covalent compound, is subjected to a rearrangement of 
electrons when dissolved in water. 

HCI+H,0 = H;0*+Cl- 
(H3O*, the hydroxonium ion, is a hydrated form of a hydrogen ion.) 

(H30* = H,0 +H*) 

In a covalent solvent such as toluene this rearrangement does not take 
place and hydrogen chloride remains covalent. Thus many of the 
reactions listed above (page 81) do not take place in toluene solution, 
e.g. 
a It does not conduct electricity. ~. electrolysis cannot take place. 


b The toluene solution gives a white precipitate of ammonium chloride 
when ammonia is passed in. 


NH,+HCl = NH,Cl 


This reaction can take place between covalent molecules and since the 
ammonium chloride is not soluble in toluene, it precipitates. 


c The toluene solution has no reaction with metals and little reaction 
with carbonates. 


Chlorides 


These are prepared by the normal methods of salt preparation as seen 
on pages 23, 24 and 79. 


They are all white or colourless except where colour is introduced by 


the metal, e.g. copper (II) chloride is green; iron (II) chloride is green; 
iron (III) chloride is brown. 

They are all soluble in water except: 

Silver chloride — insoluble. 

Lead (II) chloride — soluble in hot water only. 


TESTS FOR CHLORIDES 
In solution 
Add dilute nitric acid to remove any possible traces of alkali. 
Add silver nitrate solution, e.g. 
AgNO3+NaCl = NaNO, + AgCI| 
Ag*+Cl” = AgCI| (white precipitate) 

The white precipitate i coagulates on shaking: 

ii dissolves in ammonia; 

iii darkens on exposure to light. 
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Solid 
Either 
Add concentrated sulphuric acid. 


NaCl+H,SO, = NaHSO,+HCIt 


for hydrogen chloride by mixing with ammonia. 
A 
Mix with manganese (IV) oxide, add concentrated sulphuric acid and 


heat. NaCl-+H,SO, = NaHSO,+HCIT 
MnO, +4HCI = MnCl, = 2H,0 +Cl1 


Test for chlorine with moist litmus. 


11 Nitrogen and its 
compounds 


Nitrogen 

There is a large percentage of nitrogen in the earth's crust. It occupies 
4 by volume of the air and is also present, in the combined state, in many 
substances found in animals and plants, e.g. proteins and chlorophyll. 
It also occurs in nitrates, e.g. Chilean saltpetre NaNO}. 


Ammonia 
LABORATORY PREPARATION OF AMMONIA 
a By heating a mixture of solid calcium hydroxide (slaked lime) and 
solid ammonium chloride (sal ammoniac). 
Ca(OH), +2NH,Cl = CaCl, + 2H,0 +2NH31 


As the ammonia gas evolved is mixed with water vapour, it must be 


Ammonia 


Calcium hydroxide 
and 
ammonium chloride 


Ouicklime 
(lime tower) 


fig. 54 The preparation of ammonia 
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dried with calcium oxide (quicklime) in a lime tower, as conventional 
drying agents such as concentrated sulphuric acid and anhydrous 
calcium chloride react with ammonia. 

Note: Any ammonium salt, except ammonium nitrate, when heated 
with any alkali, produces ammonia, e.g. 


2NaOH + (NH,4).SO, = Na,SO,+2H,0+2NH3f 
b By heating concentrated ammonia solution (0-880 ammonia). 


INDUSTRIAL PREPARATION OF AMMONIA. 
a The Haber Process 
N,+3H, = 2NH, 
Nitrogen and hydrogen are dried and passed over an iron catalyst. The 


conditions for the reaction are very important and it is carried out at a 


temperature of 500°C and under a pressure of from 200 to 800 atmo- 
spheres. 


b From ammoniacal liquor which is a by-product of the coal gas 
industry (see page 42). 


PROPERTIES OF AMMONIA 

Physical 

a Colourless gas. 

b Pungent, choking smell. 

c Lighter than air. 

d Very soluble in water. 

1200 cm3 of the gas will dissolve in 
10 cm? of water at N.T.P. This high 
solubility may be demonstrated by the 
fountain experiment (fig. 55), which also 
shows that the gas is alkaline. 


Litmus turning blue 


Ammonia 


Red litmus 
solution 


A fig. 55 The fountain experiment 
Chemical 


a Reaction with water 


NH, +H,O = NH,OH (ammonium hydroxide) 
Ammonium hydroxide is an alkali. 
NH,OH = NH,* +OH~ 
b Reaction with acids. Ammonium salts are formed. 
2NH;+H,SO, = (NH,),SO, 


c Reaction with oxygen. Ammonia gas burns with a green flame in 
oxygen gas. 


4NH,+30, = 6H,0+2N,t 
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If a platinum catalyst is used, nitric oxide is formed. 
4NH,+50, = 4NO+6H,0 


(See industrial preparation of nitric acid, page 87.) 
Ammonia can remove the oxygen from hot copper (II) oxide to produce 
copper, nitrogen and water, ie. it is a reducing agent. 


3CuO +2NH, = 3Cu+3H,0+Nzf 


Dry 
am i Lad 
monia—> = 


Cold water 
fig. 56 


The products of this reaction indicate that ammonia contains only 
nitrogen and hydrogen atoms, ie. it is a hydride of nitrogen. 
d Reaction with chlorine. 

8NH3+3Cl, = N.+6NH,Cl 


Ammonium hydroxide 
Ammonium hydroxide is prepared, as seen already, by dissolving 
ammonia gas in water. It is a volatile, colourless liquid, smelling of 


ammonia and is an alkali. 


PROPERTIES OF AMMONIUM HYDROXIDE 

a It reacts with acids to form ammonium salts. 
2NH,OH +H2S04 = (NH,)2504-+2H20 

b It precipitates heavy metal hydroxides. 

Pb(NO 3), +2NH,OH = 2NH,NO3 + Pb(OH)2) (white) 


FeSO, +2NH,OH = (NH4):S04+ Fe(OH)2| (grey/green) 
FeCl, +3NH,OH = 3NH,CI+Fe(OH)st (red/brown) 


The hydroxides above are insoluble in excess ammonium hydroxide; 
the hydroxide of copper however dissolves in excess of ammonium 
hydroxide forminga deep blue solution containingthe complex cupram- 
monium ion. 
CuSO,+2NH,OH = (NH,)2S04 + Cu(OH)2) 
Cu(OH),+4NH; = Cu(NH3),7* +20H™ 


(pale blue) 
(deep blue solution) 
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USES OF AMMONIUM HYDROXIDE 


a Manufacture of nitric acid (see page 87). 
b Preparation of ammonium salts. 
Ammonia EEE E E ammonium salt + water 
ammonium hydroxide 


b Bleaching. Ammonia reacts with acidic substances in dirty fabrics 
and forms soluble substances which wash away easily. 


d Ammonia gas liquefies easily and can be used in refrigerators to 
produce low temperatures by evaporation. 


Note: Liquid ammonia which is the liquefied form of the gas must not 
be confused with ammonia solution (ammonium hydroxide). 


TESTS FOR AMMONIA 
a Smell. 
b Turns moist red litmus blue. 


c Produces white fumes of ammonium chloride when in contact with 
hydrogen chloride gas. 


NH, +HCI = NH,Cl 


Ammonium salts 
PREPARATION AND USES OF AMMONIUM SALTS 


ammonium sulphate 


(NH,4)SO4 


fertilisers Pi dry batteries 
i HCI 
NH, 
H,CO, 


HNO, 


ammonium nitrate 
NH,NO, 


fertilisers and explosives 


ammonium carbonate 


(NH4),CO3 


smelling salts 


PROPERTIES OF AMMONIUM SALTS 
a They react with alkalis to give ammonia. 


NH4Cl+ NaOH = NaCl+ H,0-+NH31 
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b They decompose when heated. 
(NH,),SO, = 2NH;+H,SO, 
NH,Cl = NH;+HCl 


Nitric acid 
LABORATORY PREPARATION OF NITRIC ACID 


Potassium nitrate 
and 


conc. sulphuric acid (CI I Cooling 


water 
Nitric 


T \/ acid 


fig. 57 The preparation of nitric acid 


Concentrated sulphuric acid reacts with nitrates to produce nitric acid. 
The mixture is heated and the nitric acid vapour is condensed in a 
cooled flask. 
KNO,+H,SO, = KHSO,+HNO3 

Since nitric acid vapour attacks rubber and cork, the apparatus consists 
entirely of glass. The traditional apparatus is a retort as shown in 
fig. 57. Nowadays this can be replaced by ground glass joint apparatus 
incorporating a Liebig condenser, which is much more efficient. 


INDUSTRIAL PREPARATION OF NITRIC ACID 
a Formerly nitric acid was made by a method similar to the laboratory 
preparation, but making use of iron retorts and Chilean saltpetre 
NaNO3. 

NaNO, +H2S04 = NaHSO,+HNO3; 
b Nitric acid is now manufactured by the catalytic oxidation of am- 
monia. Dry ammonia is mixed with an excess of dry air and passed over 


a platinum catalyst at 800°C producing nitrogen monoxide which is 
cooled and oxidised by more air to nitroge 


n dioxide. This is dissolved 
in water in the presence of air forming nitric acid. 
4NH3 +50; ,, 6H20 4. 4NO (nitrogen monoxide) 


2NO+0, = 2NO, (nitrogen dioxide) 
4NO,+2H,0+02 = 4HNO; (nitric acid) 
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This produces acid of maximum concentration 68% which is the 
familiar concentrated nitric acid. If a more concentrated solution is 
required, i.e. fuming nitric acid (97%), it is made by distillation of the 
68 % variety with concentrated sulphuric acid. 


The following process shows how relatively simple, cheap, and easily 
obtained raw materials can be utilised to synthesise a very important 
and useful chemical. 

The basic raw materials in this process are coke, air and water. Other 
chemicals used, e.g. platinum, are not exhausted in the reaction. 


1000°C. Coke 
C 


C+H,0 = CO+H, steam 
Water gas 
H,+CO 

CO+H,+H,0 = CO,+2H, şteam 


Iron (III) oxide catalyst 


Hydrogen + carbon dioxide 
H, + CO, 


Carbon dioxide dissolved 
out under pressure 


Nitrogen | 
N2 Hydrogen 
From air or H, 


Producer gas 
Haber Process 


N,+3H, = 2NH; 


Ammonia 
H, 
Pt | air 
Nitrogen monoxide 
NO 
2NO +0, = 2NO, ait 4NO,+2H,0+0, = 4HNO; 


Nitrogen dioxide 
il a 


air 


4NH; +50, = 4NO +6H20 


PROPERTIES OF NITRIC ACID 
As an acid 
Fuming nitric acid does not exhibit normal acid reactions until diluted. 
HNO,;+H,0 = H30*+NO03° 
Dilute nitric acid reacts in the normal and expected way with oxides, 
hydroxides and carbonates of metals but due to its oxidising powers, 
even when dilute, it does not give hydrogen with the majority of metals. 
a Action on metals. Magnesium reacts with very dilute nitric acid to 
give hydrogen. 
Mg+2HNO; = Mg(NO3)2+Hot 
Normally however, the products are the nitrate, water.and one of the 
oxides of nitrogen, e.g. 
Copper and cold 50% nitric acid: 
3Cu+8HNO; = 3Cu(NO3),+4H20 +2NOÎ 
Copper and concentrated nitric acid: 
Cu+4HNO, = Cu(NO3)2+2H20 +2NO>t (nitrogen dioxide) 
In some cases the reaction is very complex and one equation is not 
sufficient to explain it. 
b Action on basic oxides: 
PbO +2HNO; = Pb(NO;),+H,0 


c Action on hydroxides : 
KOH+HNO; = KNO;+H,0 


d Action on carbonates: 
CaCO,+2HNO; = Ca(NO3)2+H,0+CO2T 


As an oxidising agent ? 
This effect is due to the following reaction. 
2HNO, = H,0+286+3[0] 

2N6-+2[0] = 2NO2 
Add 2HNO; = H,0-+2N0,+[0] 
Nitrogen dioxide (NO) is the brown gas evolved from the majority of 
nitric acid reactions. 3 
a Nitric acid reacts violently with 
should always be taken to avol 
substances. e.g. A 
Warm fuming nitric acid (as prepared in the laboratory) when added to 
warm dry sawdust causes it to burst into flames. 

Iphur.(see page 70) 


b Oxidises hydrogen sulphide to sulphur.(S 
c Oxidises sulphur dioxide to sulphuric acid.(see page 72) 


h many organic compounds and care 
d its accidental contact with such 
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d Oxidises hydrochloric acid to chlorine. 
2HNO, = H,0+2N0,-+[97 
2HCI+[9J = H,0+Cl, 
Add 2HNO3+2HCI = 2H,0+2NO,+Cl,T 
A mixture of 1 part concentrated nitric acid and 3 parts concentrated 


hydrochloric acid is known as aqua regia and has the ability to dissolve 
gold. 


e Oxidises sulphur to sulphuric acid. When sulphur is boiled with con- 
centrated nitric acid, brown fumes of nitrogen dioxide are evolved and 
the resulting solution gives a positive sulphate test. 


6HNO; = 3H,0+6NO,+3f0] 
S+3£0] = $0; 
$6,+H,0 = H,SO, 
Add 6HNO;+S = 2H,0+H,SO,+6NO,} 
Test 


H,SO,+ BaCl, = 2HCl+ BaSO,| (white precipitate) 
f Oxidises iron (II) compounds to iron (III) compounds. The pale 
green colour of iron (II) sulphate changes to yellowish-brown when 
nitric acid is added in the presence »f dilute sulphuric acid. 
2HNO; = H,0+2N0,+[9] 
2FeSO,+H.S04 + [O] = Fe(SO,);+H,O 

Add 2HNO;+2FeSO,+H,S0, = Fe,(SO,); +2H,0+2NO>1 

(iron (II) (iron (III) 

sulphate) sulphate) 


Oxides of nitrogen 
There are three important oxides. 


a Dinitrogen monoxide NO 
b Nitrogen monoxide NO 
c Nitrogen dioxide NO, 


PREPARATIONS OF THE OXIDES OF NITROGEN 
Dinitrogen monoxide 
Action of heat on ammonium nitrate. Take great care. 
NH,NO; = N,0f+2H,0 
This isa colourless gas, is soluble in cold water and can, when pure and 


dry, relight a glowing splint. It is commonly known as laughing gas an 
is used as an anaesthetic. 
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Nitrogen monoxide 


Copper and 
50% nitric acid 


fig. 58 The preparation of nitrogen monoxide 
Nitrogen monoxide 


Action of cold 50 % nitric acid on copper. 
3Cu+8HNO, = 3Cu(NO3;)2+4H,0+2NOT 


Nitrogen dioxide 
Action of heat on lead nitrate. 
2Pb(NO3). = 2PbO +4NO21 +021 


The nitrogen dioxide is separated by cooling in a freezing mixture 
where it collects as a blue/green liquid. If this liquid is then poured into 
a gas jar, it evaporates forming a brown gas. 


Heat H Oxygen 


Freezing mixture 
Liquid nitrogen 
dioxide 


fig. 59 The preparation of nitrogen dioxide 
NITROGEN MONOXIDE 


colourless 


NITROGEN DIOXIDE 


brown gas 


reacts with water to give a 
mixture of nitric acid and nitrous 


Solubility insoluble acid: 
H,0+2NO,=HNO 3+ HNO, 
Acidity neutral acidic (see above) 


oxidation to nitrogen 
dioxide 

2NO +0, =2N02 
produces dark brown 
addition compound: 
ritte oiron M E NO only slight reaction 

4 i 4 

(brown substance in the 
brown ring test) 


Reaction with no reaction 


oxygen 


Reaction with 
iron II sulphate 
solution 
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PROPERTIES OF THESE GASES 
Nitrates 


These are salts of nitric acid and are prepared by normal methods of 
salt preparation (see pages 23 and 24). 


Nitrate Action of heat Use 

KNO, 2KNO; = 2KNO,+0,Î gunpowder 

NaNO; 2NaNO, = 2NaNO,+0,f nitric acid manufacture 
NH,NO, NH,NO; = 2H,0+N,07 fertilisers and explosives 
Pb(NO3)2 2Pb(NO3). = 2PbO +4NO,t+0,1 laboratory reagent 
AgNO, 2AgNO; = 2Ag+2NO,7+0,t laboratory reagent 


TESTS FOR A NITRATE 


The brown ring test. Make a fresh solution of iron (II) sulphate and add 
a crystal of the nitrate or a few drops of its solution. Shake. Add con- 
centrated sulphuric acid carefully down the side of the tube so that it 
forms a layer. A brown ring forms at the junction of the layers. 


Iron (11) sulphate 
and the nitrate under test. 
Brown ring 


Conc. sulphuric acid 


fig. 60 The brown ring test 


The brown fume test. Heat the nitrate with concentrated sulphuric acid 


and add a small piece of copper. Brown fumes of nitrogen dioxide are 
evolved. 


XNO;+H,SO, = XHSO,+HNO, 
Cu+4HNO, = Cu(NO,),+2NO,1+2H,0 
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The role of nitrogen in natural processes 

If good yields of food crops are to be maintained, the elements which 
are essential for the growth and development of plants must be present 
in the soil. Nitrogen is one of the most important of these elements. 
Others are phosphorus and potassium, with calcium, magnesium, iron 
and sulphur required to a lesser degree. As crops are harvested the 
nitrogen which they have used up is removed from the soil, and unless 
this is replaced, crops in subsequent seasons show a serious lack of 
nitrogen and eventually the soil becomes completely unproductive. 
Some plants are capable of making use of atmospheric nitrogen, i.e. by 
converting it to the required compounds, but in general the nitrogen 
must be replaced by some means. This can be done by adding a fertiliser. 
There are two types: 

a Natural fertilisers, consisting of decayed plants and -the excreta of 
animals (farmyard manure): 


b Artificial fertilisers, consisting of chemicals or mixtures of chemicals 
with high nitrogen content. 


THE NITROGEN CYCLE 


Artificial eet 
fertilisers Soil nitrates 


*, 
SE 
Gy 
> 


S 
s 


Ammonium salts and 
their derivatives 


< 
Haber process 


Plant protein 


3 A 
Animal protein pe 
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12 The metals 


GENERAL COMPARISON OF METALS AND NON-METALS 


| Metals Non-metals 

1 conduct electricity and heat 1 do not conduct electricity and heat 

2 are malleable and ductile 2 are brittle 

3 are lustrous (shiny) 3 are non-lustrous 

4 form basic oxides 4 form acidic oxides 

5 lose electrons to form positive 5 gain electrons to form negative 
ions — cations ions — anions 

6 replace the hydrogen of 6 do not react with dilute acids 
acids to produce a 
metal salt 

7 do not form stable hydrides 7 form stable hydrides, e.g. ammonia 

NH; 


The properties of the metals are summarised in the activity series 
(page 97). 

Most of the reactions of metals and their compounds have been dealt 
with under other headings, e.g. action of water (pages 25-6),action of 
air (page 18), etc., and will not be dealt with in detail in this section. 


EXTRACTION OF METALS 


The method employed depends on the position in the activity series: 
those nearest the top require considerable energy to effect the con- 
version AY > A (compound to metal) and electrolysis is used. On 


the other hand metals at the bottom are easily extracted from their ores 
by reduction since they are quite stable. 


The method of extraction for three metals are dealt with in this section. 


a Sodium 


Sodium is extracted by electrolysis of the fused chloride mixed with 
fluoride to keep the melting point low. Chlorine is given off at the 
anode and sodium metal at the cathode. The metal is molten and must 
be protected from atmospheric corrosion. 


NaCl > Nat +Cl- 


At anode ® At cathode O 
Cl — Cl, gas Na metal 
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£ , Chlorine 


SODIUM 


Cathode 
(iron) 


Molten 
sodium chloride 
and 

sodium fluoride 


Anode (carbon) 


fig. 61 The extraction of sodium from sodium chloride 


b Aluminium 
Aluminium is made by the electrolysis of a mixture of pure molten 


bauxite Al,O, and cryolite Na, AIF, using carbon electrodes. 


Al,03 = 2AP*+ + 3027 
At cathode 


At anode 
AI metal 


O > O, gas 


The anode is burnt away easily 
replaced frequently. 


by the oxygen produced and has to be 


@ Anode (carbon) 
Solid © Cathode (carbon) 
crust 


Molten bauxite 
and 
cryolite 


mmm mach 


Molten aluminium 


fig. 62 The extraction of aluminium from bauxite 
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c Iron 

A mixture of iron ore [haematite (Fe,03)], coke (C) and limestone 
(CaCO;) is introduced into a blast furnace by means of a feeding device 
at the top. It is heated strongly by means of blasts of hot air coming in 
through the Tuyéres. 


fig. 63 A blast furnace 


C+0, = CO,f (A) 
CO,+C = 2COf (B) 
Fe,0;+3CO = 2Fe+3COst (C) 


The molten iron collects in the bottom ofthe furnace and can be tapped 
offat X when reguired. The limestone is decomposed to calcium oxide, 
which reacts with silica present in earthy materials to form calcium 


silicate (slag). 
CaCO; = Ca0+CO, 
CaO +SiO, = CaSiO, (slag) 
Slag also forms in the molten state and may be tapped off at Y. 


The iron so produced is called cast iron or pig iron and contains about 
4%, carbon. It is used for rough castings. 


THE MANUFACTURE OF STEEL FROM IRON 


There are many types of steel for different purposes containing con- 
trolled amounts of carbon and other elements, and the most important 
part of steelmaking is the control of the amounts. 

The impurities in cast iron are removed by mixing it with more iron 


ore and lime in an open hearth furnace and blowing hot air over it for 
a considerable time. 
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The haematite (iron ore) oxidises the impurities to their oxides, some of 
which are volatile. The volatile oxides such as carbon dioxide and 
sulphur dioxide are blown out with the waste gases which are used to 
reheat the incoming air. Non-volatile oxides such as silica and phos- 
phorus pentoxide combine with the lime to form a slag. 


CaO +SiO, = CaSiO; (calcium silicate) 
3CaO+P,05 = Ca3(PO,), (calcium phosphate) 
Samples are taken and analysed from time to time to ascertain if the 
steel is of the required quality, and various metals are added in small 


quantities to give it special properties. Finally the steel is tapped into 
ingot moulds. 


Additives Property and uses 
Manganese and tungsten hardness for drills and tools 
Chromium stainless steel for cutlery, etc. 
In addition to these, steels with varying amounts of carbon have uses 


in engineering and industry in general, e.g. rods for reinforcing concrete, 
sheet steel, girders. 


ACTIVITY SERIES OF THE METALS 


Method of | Action of | Action of | Action of | Reduction | Action of | Action of | Action of 
extraction | air or water acids of oxides | heat on heat on heat on 
oxygen 1 hydroxides | carbonates | nitrates 
salted ak 
Potassium K give rr nitrite and 
hydrogen oxygen 
with no no formed 
Sodium Na cold not action action 
water reduced 
burn by 
Calcium Ca in give [hydrogen 
electrolysis | air or f~ hydrogen 
of oxygen with oxide oxide, 
Magnesium Mg| molten salt dilute and an oxide 
or give acids oxide carbon | of nitrogen 
oxide hydrogen and dioxide | and oxygen 
Aluminum Al with water | formed | formed 
steam formed 
Zine when at 
Zn red 
heat reduced 
ia easily 
Fe | reduction | oxidise by 
of when hydrogen 
Lead oxide heated [— | and 
Pb in air only carbon 
or no attacked 
ci oxygen action b) 
SME Waa ` Euaig 
acids _| 
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PRECIPITATION OF THE HYDROXIDES OF HEAVY METALS | 
This can be effected by adding a substance containing OH” ions in 
solution to a solution of the heavy metal salt, e.g. 


2NaOH + FeSO, = Na,SO,+Fe(OH),| (grey/green) i 


These reactions are best shown ionically. 
Fe?*+20H“ = Fe(OH), 
Fe?*+3OH- = Fe(OH),| (iron (III) hydroxide — red/brown) 
Zn?* +20H” = Zn(OH),| (zinc hydroxide — white) 
AP*+3OH“ = AI(OH)y| (aluminium hydroxide — white) 
Pb?*+2OH” = Pb(OH),| (lead (II) hydroxide — white) 
The last three, zinc, aluminium and lead hydroxides are all soluble in 
excess sodium hydroxide due to their amphoteric nature. 
Zn(OH),-+2NaOH = Na,ZnO, + 2H,0 (sodium zincate — soluble) 
Al(OH); + NaOH = NaAlO, +2H,0 (sodium aluminate — soluble) 
Pb(OH), +2NaOH = Na,PbO,+2H,0 (sodium plumbite — soluble) 


FLAME TESTS FOR METALS 


Chlorides are generally volatile compounds and the chlorides of some 
metals, when vaporised in a flame, impart colour to the flame. The test 
is carried out by dipping a clean platinum wire into a mixture of a salt 


of the metal and concentrated hydrochloric acid and holding it in a 
Bunsen lame. 


The colours produced are as follows: 


Sodium Na* golden yellow 
Potassium K* lilac 
Calcium Ca?* red 


Copper Cu?* — blue/green 


USES OF SOME METALS AND ALLOYS 
Magnesium | 
Light alloys for aircraft and helicopters, 

Photographic flash bulbs. 
Aluminium 

Bodies of buses, cars and aero 
light and strong. 


Many uses in the home, e.g. domestic appliances. 
Packaging and containers in general. 


planes and overhead cables, since it iS 


98 


Zine 
Casing of dry batteries. 
Galvanising iron by dipping it in molten zinc to prevent corrosion. 


Copper 

Wires and electrical components — in general a good conductor of 
electricity. 

Water pipes and tanks. 


Lead 

Accumulators. 

Glass making. 

Water pipes. 

Paints, e.g. red lead Pb,O, and white lead 2PbCO;.Pb(OH), 
Brass 

Contains copper and zinc in varying combinations. 

Some electrical fittings. 


Screws. 
Decoration. 


Solder 
A mixture of 3 parts lead and 2 parts tin with a low melting point. 
Used to effect joins between wires in radio and other electrical eguip- 


ment. 


Type metal 

A mixture of lead, antimony and tin. 

Used in printing. 

Duralumin 

95% aluminium with copper, manganese and magnesium. 
Used in construction instead of aluminium. 
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